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Description 

The invention generally concerns a protective medium for preservation of vital tissues, such as 
for example knocked-out teeth, which can be sold in prefabricated form in a container. In 
particular, the invention concerns a protective medium which can be kept in liquid form for at 
least one year, and which protects against undesired contaminating germs. 

Protective media have been developed for the transplantation of human and animal organs. These 
protective media have quite different compositions, but they have the common characteristic that 
they are frequently intended to cause rapid blood washout at organ temperatures of 0-10°C. This 
principle of hypothermic ischemia has proved itself in hospitals (J. A. Wahlberg, J.H. Southard, 
and F.O. Belzer, Cryobiology, 23, 477-482 (1986), "Development of a cold storage solution for 
pancreas preservation", G.M. Collins, M.B. Bravo-Shugarman, and P.L Terasaki, Lancet, 1219- 
1222 (1969)). 

Examples of such protective media are the Euro-Collins solution or the University of Wisconsin 
(UW) solution. Protective media outside of the hospital are required to preserve a tooth knocked 
out during an accident, for example. Preservation in a nutrient medium turns out to be necessary, 
since otherwise the vital tissue adhering to the surface of the tooth root dries out within a short 
period of time and loses its regenerative capacity. Storing a tooth in a special protective medium 
makes it possible to reimplant the tooth even after 8 to 12 hours. 

Such a medium must protect against contamination, since as a rule a knocked-out tooth is 
contaminated with all sorts of bacteria and fungi. An attempt at developing such a medium is 
described in EP-A2 03 53 345. It involves keeping the dried medium separate from the solvent 
(water) in a very elaborate container and dissolving it when needed. Protection against 
contamination is achieved by adding antibiotics and antifungals. With this solution, however, the 
extraordinarily hygroscopic dried medium clumps and spoils after a few weeks. This means that 
the dried medium can no longer be properly dissolved for use, or the spoilage of the medium 
damages the tissue that is supposed be preserved. Moreover, the antibiotics and antifungals used 
for protection against contamination allow only very limited use given the required doctor's 
prescription. Furthermore, there is always the danger of allergies to antibiotics. This excludes 
ubiquitous storage of supplies. 

Sodium azide (NaN 3 ) has already been used in cell cultures, and it proved in this context to 
inhibit oxidative phosphorylation (A. Minchenko et al., "Lab. Invest." 71 (3), 374-379 (1994)), 
to protect against a loss of cell viability induced by acridine orange and blue light (J.M. Zdolsek 
"APMIS" 101 (2), 127-132 (1993)), and to affect the showdomycin uptake of £. coli K-12 cell 
cultures (Y. Komatsu, "Agr. Biol. Chem." 35(9), 1328-1339 (1971)). 

Consequently, the task of this invention is to make available an antibiotic-free protective medium 
containing nutrients for tissue growth which contains, as contamination protection, a preservative 
that is not an antibiotic. 

The task of the invention is also to give this protective medium a shelf life that is as long as 
possible, e.g. one year, in a prefabricated form. 
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The object of this invention is an antibiotic-free protective medium containing nutrients for 
tissue growth which contains, as contamination protection or as a preservative, sodium azide 
(NaN3> in a quantity of 5 to 60 mg/L. 

Preferred embodiments are described in the subordinate claims. 

Preparation of a protective medium according to the invention involves mixing the components 
in a solvent under germ-free conditions. 

The protective medium according to the invention is intended to be used especially to preserve 
vital tissue, especially teeth. 

In contrast to the protective medium described at the beginning, the protective medium according 
to the invention contains a number of necessary nutrients to enable preservation of the tissue at 
room temperatures, that is with metabolism. The ingredient that is most critical for the shelf-life 
of such a nutrient and protective medium is the necessary L-glutamine. It breaks down quickly at 
room temperature. This produces poisonous ammonia. Therefore, the L-glutamine that is 
normally used was replaced in the protective medium according to the invention by the dipeptide 
N-acetyl-L-alanyl-L-glutamine (ac- Ala-Gin). This is stable and has an extraordinarily long shelf- 
life. Of course it is also possible to use other dipeptides or longer peptides of L-glutamine, 
instead of the dipeptide described here. A nutrient-containing protective medium according to 
the invention is produced, for example, by combining the components in a solvent, e.g., distilled 
water, under germ-free conditions. Here the expression "germ-free conditions" should be 
understood to mean that either the starting materials are germ-free, or that the protective medium 
is made germ- free in the usual familiar manner after the components are combined, for example 
by filtration through a bacteria-retaining filter. When this is done, the following components can 
be present (quantities are given in mg/L). Possible concentration ranges are given in the right 
column by way of example. However, individual components can be omitted from the protective 
medium according to the invention. 
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INGREDIENT 


CONCENTRATION 


RANGE 


NaCl 


6,000 


5,000-8,000 


KC1 


400 


200-500 


Na 2 HP0 4 *7H 2 0 


1,512 


1,000-2,000 


MgS0 4 *7H 2 0 


100 


40-200 


Ca(N0 3 ) 2 *4H 2 0 


100 


60-120 


D-glucose 


2,000 


500-4,000 


Phenol red 


5 


1-10 


NaHC0 3 


4,000 


1,500-7,000 


L-arginine 


200 


100-300 


L-asparagine 


50 


10-100 


L-aspartic acid 


20 


5-50 


L-cystine 1 


50 


10-100 . 


N-acetyl-L-alanyl-L-glutamine 


519 


100-1,000 


L-glutamic acid 


20 


5-40 


Glycine 


10 


5-20 


L-histidine 


15 


5-30 


L-hydroxyproline 


20 


5-40 


L-isoleucine 


50 


10-100 


L-leucine 


50 


10-100 


L-lysine*HCl 


40 


10-100 


L-methionine 


15 


5-30 


L-phenylalanine 


15 


5-30 


L-proline 


20 


5-40 


L-serine 


30 


10-60 


L-threonine 


20 


5-40 


L-tryptophan 


5 


1-10 


L-tyrosine 


20 


5-40 


L-valine 


20 


5-40 


L(+)ascorbic acid 


5 


1-100 


Glutathione 


6 


1-10 


Biotin 


0.2 


0.01-2 


Vitamin B 12 


0.005 


0.001-1.01 


D-Ca pantothenate 


0.25 


0.1-0.4 


Choline chloride 


3 


1-5 


Folic acid 


1 


0.5-3 


z-Inositol 


35 


10-50 


Nicotinamide 


1 


0.1-5 


p-Aminobenzoic acid 


1 


0.1-5 


Pyridoxine*HCl 


1 


0.1-5 


Riboflavin 


0.2 


0.02-0.8 


Thiamin*HCl 


1 


0.1-5 


NaN 3 


30 


5-60 


1 Translator's note: The German original has 


"L-Gystin", clearly a typo for " 


L-Cystin". 



4 



DE 44 45 769 CI 



The especially favorable concentration range for the preservative sodium azide is 20 to 40 mg/L. 

All previously known nutrient media which are used in cell culture have antibiotics added to 
them as contamination protection (R.I. Freshney, Animal Cell Culture, Oxford University Press, 
ISBN 0-19-963 212-8). Surprisingly, it turns out that the antimicrobial active ingredient sodium 
azide is also tolerated in the cell culture. Not only do the cells survive in the presence of sodium 
azide, but astonishingly they are even able to divide and grow. In the following experiment, the 
above-described protective medium without NaN 3 was added, with the addition of 10 percent 
fetal calf serum, to an equal number of Hs68 cells as a control. In another test series, the 
preservative sodium azide (NaNa) was added. After an incubation time of 3 days in the incubator 
with 5 percent CO2, the cells were stained with crystal violet, and the cell growth was determined 
by measuring the OD values achieved in the ELIS A reader. 

The preservative was used in the following concentrations that enable preservation: 



Dilution steps 


Sodium azide (mg/L) 


0 




40.00 


1 


2 


20.00 


1 


3 


13.33 


1 


4 


10.00 


1 


5 


8.00 


1 


6 


6.67 


1 


7 


5.71 


1 


8 


5.00 



The experiment has the surprising result that sodium azide allows cell growth (see Figure 1). 



CONTROL SODIUM AZIDE 

OD 



0 


1.1 


0.949 


1 


2 


1.1 


0.958 


1 


3 


1.1 


1.004 


1 


4 


1.1 


1.061 


1 


5 


1.1 


1.073 


1 


6 


1.1 


1.0845 


1 


7 


1.1 


1.0895 


1 


8 


1.1 


1.1025 



The shelf-life of such a nutrient medium was checked using a cell culture. The cell-maintaining, 
growth-promoting properties were established by comparison with a control, and the experiment 
was repeated after storage for 1 8 months at room temperature. This showed that the cell- 
maintaining, growth-promoting properties of the medium were as good as ever even after 18 
months. 



5 



Claims 



1. Antibiotic-free protective medium containing nutrients for tissue growth which contains, 
as contamination protection or as a preservative, sodium azide (NaN3) in a quantity of 5 to 60 
mg/L. 

2. Protective medium according to Claim 1, characterized by the fact that the NaN3 is 
present in a quantity of 20 to 40 mg/L, and preferably in a quantity of 30 mg/L. 

3. Protective medium according to one of the preceding claims, characterized by the fact 
that it contains stable L-glutamine in the form of a peptide, especially N-acetyl-L-alanyl-L- 
glutamine. 2 

4. Protective medium according to one of Claims 1 through 3, characterized by the fact that 
it is suitable for preserving vital tissue, especially residual tissue on teeth. 



2 Translator's note: The German original has "...-C-Glutamin", which literally means 
this is almost certainly a typo for . .-L-Glutamin", which is how it has been translated. 
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@ Protektionsmedium zum Aufbewahren vitaler Gewebe, insbesondere von Zahnen 

@ Beschrieben wird ein antibiotikumf reies, Nahrstoffe fur ein 
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Beschreibung 

Die Erfindung betrifft allgemein ein Protektionsmedium zur Aufbewahrung vitaler Gewebe, wie zum Beispiel 
ausgeschlagener Zahne, das in bereits vorgefertigter Form in einem Behalter vertrieben werden kann. Insbeson- 
dere betrifft die Erfindung ein Protektionsmedium, welches in flussiger Form mindestens ein Jahr haltbar ist und 
einen Schutz gegen unerwunschte Kontaminationskeime aufweist 

Fur die Transplantation von Organen des Menschen und der Tiere sind Protektionsmedien entwickelt worden. 
Diese Protektions-medien sind sehr unterschiedlich zusammengesetzt, ihnen ist jedoch gemeinsam, daB sie meist 
eine rasche Blutarmut bei Organtemperaturen von 0— 10° C herbeifuhren sollen. Dies Prinzip der hypothermen 
Ischamie hat sich im Bereich der Kliniken bewihrt (J. A. Wahlberg, J. H. Southard und F. O: Belzer, Cryobiology, 
23, 477 —482 (1986) "Development of a cold storage solution for pancreas preservation", G. M. Collins, M. B. 
Bravo-Shugarman und P. LTerasaki, Lancet, 1219— 1222(1969)). 

Beispiele fflr solche Protektionsmedien sind die Euro-Collins-Losung oder die University Wisconsin (UW)-Ld- 
sung. Protektions-medien auBerhalb des klinischen Bereichs werden zum Beispiel fur die Aufbewahrung eines 
bei einem Unfall herausgebrochenen Zahnes bendtigt Die Aufbewahrung in einem Nihrmedium erweist sich als 
notwendig, da sonst das an der Zahnwurzeloberflache anhaftende vitale Gewebe innerhalb kurzer Zeit austrock- 
net und seine Regenerationsflhigkeit verliert Durch die Lagerung ernes Zahnes in einem spezieUen Protektions- 
medium ist es mdglich, den Zahn auch nach 8 bis 1 2 Std zu reimplantieren. 

Ein solches Medium muB einen Kontaminationsschutz aufweisen, da ein ausgeschlagener Zahn in der Regel 
mit allerlei Bakterien und Pilzen kontaminiert ist Ein Versuch zur Entwicklung eines solchen Mediums ist in der 
EP-A2 03 53 345 beschrieben. Dabei wird in einem sehr aufwendigen Behalter das Trockenmedium getrennt 
vom Ldsungsmittel (Wasser) aufbewahrt und bei Bedarf aufgeldst Der Kontaminationsschutz wird durch 
Zugabe von Antibiotika und Fungiziden erreicht Bei dieser Losung kommt es aber zum Verklumpen und 
Verderb des auBerordendich hygroskophischen Trockenmediums nach wenigen Wochen. Dadurch ist eine 
ordnungsgem£Be Aufldsung des Trockenmediums fur den Gebrauch nicht mehr gewihrleistet bzw. es kommt 
durch den Verderb des Mediums zur Schadigung des aufzubewahrenden Gewebes. Die fur den Kontaminations- 
schutz eingesetzten Antibiotika und Fungizide erlauben darflber hinaus nur eine sehr begrenzte Anwendung im 
Rahmen der arztlichen Verschreibungspflicht Ferner ist stets die Gefahr von Aliergien gegen Antibiotika 
gegeben. Die ubiquitare Vorratshaltung ist somit ausgescMossen. 

Natriumazid (NaN 3 ) wurde bereits in Zellkulturen eingesetzt und erwies sich hierbei als Inhibitor einer 
oxidativen PhosphoryUerung (A. Minchenko et al " Lab- Invest" 71 (3), 374—379 (1994)), als Schutz gegen einen 
durch Acridinorange und Blaulicht induzierten Verlust der Lebensfahigkeh von Zellen (J- M. Zdolsek "APMIS" 
101 (2X 127—132 (1993)) bzw. als die Showdomycinaufnahrae von E coli K-12 Zellkulturend beeinflussend (Y. 
Komatsu "Agr. BioL Chem." 35 (9), 1328- 1339 (197 1)X 

Aufgabe der vorliegenden Erfindung ist folglich, ein antibiotikumfreies, Nahrstoffe fOr ein Gewebewachstum 
enthaltendes Protektionsmedium bereitzustellen, das als Kontaminationsschutz ein kein Antibiotikum darstel- 
lendes Konservierungsmittel enthalt 

Aufgabe der Erfindung ist ferner, fQr eine moglichst lange, z. B. einjahrige Haltbarkeit dieses Protektionsme- 
diums in vorgefertigter Form zu sorgen. 

Gegenstand der vorliegenden Erfindung ist ein antibiotikumfreies, Nahrstoffe fur ein Gewebewachstum 
enthaltendes Protektionsmedium, das als Kontaminationsschutz bzw. Konservierungsmittel Natriumazid 
(NaN 3 ) in einer Menge von 5 bis 60 mg/1 enthalt 

Bevorzugte AusfQhrungsformen sind in den UnteransprQchen beschrieben. 

Bei der Zubereitung eines erfindungsgemaBen Protektionsmediuras werden die Bestandteile in einem L6- 
sungsmittel unter keimfreien Bedingungen vermischt 

Vorgesehen ist insbesondere, das erfindungsgem§Be Protektionsmedium zur Aufbewahrung von vitalem 
Gewebe, insbesondere Z&hnen, zu verwenden. 

Das erfindungsgemaBe Protektionsmedium enthalt im Gegensatz zu den eingangs beschriebenen Protek- 
tionsmedien eine Vielzahl notwendiger Nahrstoffe, urn eine Aufbewahrung des Gewebes bei Raumtemperatu^ 
ren, also mit Stoffwechsel, zu ermoglichen. Der fOr die Haltbarkeit eines solchen Nahr- und Protektionsmediums 
kritischste Inhaltsstoff ist das notwendige L-Glutamin. Es zerftllt bei Raumtemperatur in kurzer Zeit Dabei 
entsteht giftiges Ammoniak. Das Qblicherweise verwendete L-Glutamin wurde deshalb in dem erfindungsgemS- 
Ben Protektionsmedium durch das Dipeptid N-Acetyi-L-AHanyl-L-Glutamin (ac— Ala— Gin) ersetzt Dieses ist 
stabil und auBerordentlidi lange haltbar. Statt des hier beschriebenen Dipeptids konnen selbstverstandlich auch 
andere Dipeptide oder langere Peptide des L-Glutamins verwendet werden. Die Herstellung eines erfindungs- 
gemaBen nShrstoffhaltigen Protektionsmediums erfolgt beispielsweise durch Vereinigen der Bestandteile in 
einem Ldsungsmittel, z. B. destilliertem Wasser, unter keimfreien Bedingungen. Unter dem Ausdruck Tceimfreie 
Bedingungen" ist dabei zu verstehen, daB entweder die Ausgangsmaterialien ketmfrei sind oder das Protektions- 
medium nach einem Vereinigen der Bestandteile in flblicher bekannter Weise, beispielsweise durch Filtration 
durch ein Bakterienrflckhaltefilter, keimfrei gemacht wird Dabei konnen die folgenden Bestandteile enthalten 
sein (Mengen in mg/1). Mogliche Konzentrationsbereiche sind beispielsweise in der rechten Spalte angegebert In 
dem erftndungsgemaBen Protektionsmedium konnen jedoch einzelne Komponenten weggelassen werden. 
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INHAIiTSSTOFF 


KONZENTRATION 


BERBICH 


NaCl 


6000 


5000-8000 


KC1 


400 


200-500 


Na 2 HP04*7H 2 0 


1512 


1000-2000 


MgS0 4 *7H 2 0 


100 


40-200 


Ca(N0 3 )2*4H 2 0 


100 


60-120 


D-Glucose 


2000 


500-4000 


Phenolrot 


5 


1-10 


NaHC0 3 


4000 


1500-7000 


L-Arginin 


200 


100-300 


L^Asparagin 


50 


10-100 


L-Asparaginsaure 


20 


5-S0 


L-Gystin 


50 


10-100 


N-Acetyl-L-Alanyl-L-Glutamin 


519 


100-1000 



10 



15 



L-Glutaminsaure 
Glycin 
Ii-Histidin 
L- Hydroxyprol in 
L-Isoleucin 
L-Leucin 
I^Lysin*HCl - 
L-Methionin 
L-Phenylalanin 
L-Prolin 
L-Serin 
L-Threonin 
L-Tryptophan 
Ii-Tyrosin 
L-Valin 

L (+) Ascorbinsaure 
Glutatixion 
Biotin 
Vitamin Bi 2 
D-Ca-Pantothenafc 
Cholinchl orid 
Folsaure 
i-Inosit 
Nicotinaraid . 

p-Aminobenzoesaure 1 0, 

Pyridoxin*ECl 
Riboflavin 
Thiamin*HCl 
NaN 3 

Der besonders gQnstige Konzentrationsbereich fQr das Konservierungsmittel Natriumazid Hegt bei 20 bis 

^Zufallen bisher bekannten Nahrmedien, die in der Zellkultur Verwendung finden, werden Antibiotika als 
Kontaminationsschutz zugegeben (R.L Freshney, Animal Cell Culture, Oxford University Press, 65 
ISBN 6-19-963 212-8). Oberraschenderweise zeigt sich, daB auch der antimikrobielle Wirkstoff Natriumazid in 
der Zellkultur toleriert wird Die Zellen flberleben nicht nur in Anwesenheit von Natriumazid, sie sind erstaunli- 
cherweise sogar in der Lage, sich zu teilen und zu wachsen. Im folgenden Versuch wurden zu einer gleichen 



20 5-40 

10 5-20 

15 5-30 

20 5-40 25 

50 10-100 
50 . 10-100 

40 10-100 

15 5-30 30 

15 5-30 

20 5-40 

30 10-60* 35 

20 5-40 

S 1-10 

20 5-40 

20 5-40 40 

5 1-100 

6 1-10 
0,2 0,01-2 

0,005 0,001-1,01 45 

0,25 0,1-0,4 

3 1-5 

35 10-50 

1 01,-5 



1 0,1-5 55 

0,2 0,02-0,8 

1 0,1-5 

30 5-60 



3 



to 



15 



20 



25 



Anzahl von Hs68-Zellen zur Kontrolle das oben beschriebene Protektionsmedium ohne NaNa mit einem Zusatz 
von 10 Prozent fetalem Kalberserum gegeben. In einer anderen Versuchsreihe wurde der Konservierungsstoff 
Natriumazid (NaNa) hinzugegeben. Nach einer Inkubationszeit von 3 Tagen im Brutschrank mit 5 Prozent CO2 
wurden die Zellen mit Kristallviolett gefarbt und das Zellwachstum durch Messung der erreichten OD-Werte im 
ELISA-Reader ermittelt 

Die folgenden Konzentrationen des Konservierungsmittels, die eine Konservierung gestatten, wurden ver- 
wendet: 



VerdQnnungsstufen 



Natriumazid 
mg/1 

40,00 

20,00 

1333 

10,00 

8,00 

6,67 

5,71 

5,00 



Das Versuchsergebnis zeigt, daB Natriumazid uberraschenderweise ein Wachstum der Zeilen gestattet (vgL 
Abbildung 1). 



KONTROLLE 



NATRIUMAZID 
OD 



30 



35 



40 



0 

1:2 
1:3 
1:4 
1:5 
1:6 
1:7 
1:8 



1,1 
1,1 
1,1 
1,1 
1,1 
1,1 
1,1 
1,1 



0,949 
0,958 
1,004 
1,061 
v 1,073" 
1,0845 
1,0895 
1,1025 



45 



Die Haltbarkeit eines solchen Nahrmediums wurde mittels der Zellkultur uberpruft Die zellerhaltenden 
wachstumsfordernden Eigenschaften wurden gegenQber einer Kontrolle festgelegt und der Versucb nach einer 
Lagerung von 18 Monaten bei Raumtemperatur wiederholt Dabei zeigte sich, daB die zellerhaltenden und 
wachstumsfordernden Eigenschaften des Mediums auch nach 18 Monaten unverandert gut waren. 
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PatentansprOche 

1. Antibiotikumfreies, Nahrstoffe fur ein Gewebewachstum enthaltendes Protektionsmediutn, das als Kon- 
taminationsschutz bzw. Konservierungsmittel Natriumazid (NaN 3 ) in einer Menge von 5 bis 60 mg/l enthdlt 

2. Protektionsmedium nach Anspruch 1, dadurch gekennzeichnet, daB das NaN* in einer Menge von 20 bis 
40 mg/l und vorzugsweise in einer Menge von 30 mg/l vorhanden ist 

3. Protektionsmedium nach einem der vorhergehenden AnsprQche, dadurch gekennzeichnet, daB es stabiles 
L-Glutamin in Form eines Peptids, insbes. N-Acetyl-L-Alanyi-C-G!utamin enthalt 

4. Protektionsmedium nach einem der AnsprQche 1 bis 3, dadurch gekennzeichnet, daB es zur Aufbewah- 
rung von vttalem Gewebe, insbesondere von Restgewebe an Zahnen, geeignet ist 
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ASSESSMENT OF HUMAN PAPILLOMA VIRUS-RELATED 
DISEASE 



DECLARATION UNDER 37 C.F.R. §1.132 

Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

This is a Declaration under 37 C.F.R. § 1 . 1 32 by Dr. Attila T. Lorincz in the 
above-identified application. 

I, the undersigned, Attila T. Lorincz, declare and state that: 

1. I am a co-inventor of the subject patent application having serial no. 
09/970,477. 

2. My education and professional experience as an expert in the area of nucleic 
acid chemistry and analysis are set forth on the attached copy of my Curriculum Vitae. 

3. As stated on my Curriculum Vitae attached herewith, my area of expert 
training and experience is in nucleic acid chemistry, in the analysis of nucleic acids in 
biological samples, and in the use of such nucleic acid analyses to develop diagnoses and 
prognoses concerning diseases related to the organism from which the nucleic acid was 
obtained. 

4. I have read and understand the February 13, 2003 and April 19, 2004 Official 
Actions issued in the above-identified case. In particular, I understand that the Examiner has 
rejected claims 8-12 because the Examiner contends that the specification does not enable 
any person skilled in the art to which it pertains, or with which it is most nearly connected, to 
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make and use the invention commensurate in scope with these claims. As a person skilled in 
the art, I respectfully disagree with the Examiner's rejection. 

5. As shown by the evidence below, there is a strong and universally accepted 
correlation between the cell culture models of the specification and diseases in patients. The 
teaching of the application can be used by the skilled practitioner for assessment and 
diagnosis of disease stage in cells, including patient cells. For the experiments described, in 
vitro results are generally correlative with in vivo results. Moreover, in vitro data are 
routinely used by those in the art who apply and extrapolate the findings and outcomes of in 
vitro cell culture experiments to in vivo use. 

6. Infection with human papillomavirus (HPV) has been confirmed to be the 
cause of virtually all cases of cervical cancer (see, for example, Walboomers, et al., J. Pathol 
189:12, 1999; Exhibit 1) and has been identified in a high percentage of non-melanoma skin 
cancers, in cancers of the oral cavity, the larynx, and the esophagus, in intraepithelial 
neoplasias and in various type of hyperkeratoses (see, for example, zur Hausen, Biochimica et 
Biophysica Acta 1288:F55, 1996; Exhibit 2). In fact, HPV is associated with a spectrum of 
lesions ranging from benign epithelial hyperproliferation to invasive carcinomas. For 
example, viral gene expression of HPV is tightly linked to cellular differentiation. (See 
Broker et al. Cancer Cells, 7:197, 1989; Exhibit 3). See also Southern and Herrington (Sex 
Transm. Inf. 74:101, 1998; Exhibit 4) who describe that human papillomavirus has been 
identified as the major aetiological factor in cervical carcinogenesis. In addition, Stoler (Int. 
J. Gynecol. Pathol 19:16, 2000; Exhibit 5) describes human papillomaviruses as the 
etiologic agents of cervical neoplasia. 

7. The zur Hausen publication describes HPV types 1 through 70 and the human 
pathology related to infection with each type of HPV. The Walboomers publication describes 
the worldwide HPV prevalence in 99.7% of cervical carcinomas. 

8. However, most human papillomavirus infections resolve spontaneously 
without causing cancer or development of cancer precursors. Therefore, it is useful to be able 
to distinguish those infections that may progress to cancer from those that may resolve 
spontaneously. Furthermore, it is useful to employ treatments early that may be effective in 
preventing and/or treating the human papillomavirus infection in the pre-cancerous stage so 
that the progression to cancer can be inhibited. 
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9. Generally, human papillomaviruses cannot be cultured in vitro, although HPV 
type 16 has been cultured in vitro with limited success. Therefore, model systems for human 
patients have been developed to study the stages of HPV infection and their relationship to 
the development of HPV-induced neoplasia and cancer. 

10. Cell lines such as HaCaT, W12, and SiHa are universally recognized by 
researchers as model systems of human epithelium in a patient at various stages progressing 
to cancer. These human cell lines contain different HPV copy numbers per cell and are used 
to model different stages of HPV-induced neoplasia and cancer in human patients. For 
example, the HPV negative cell line, HaCaT, is an immortalized cell line that is useful as a 
model system. Cultures of HaCaT cells, transfected by HPV 16 DNA that are in the episomal 
form, represent a useful model of early HPV infection typical of a non-neoplastic lesion. Cell 
lines that contain an increased amount of HPV in an episomal form, such as W12, represent a 
pre-malignant condition in humans. Cell lines that contain HPV in an integrated form, such 
as SiHa, represent relatively advanced human cancer. 

11. The HaCaT cell line is a naturally immortalized human keratinocyte cell line 
similar in some ways to W12. (See Boukamp et al., J. Cell Biol, 106:761, 1988. Exhibit 6). 
HaCaT cells correlate to human epithelium, in particular, keratinocytes, and are used to 
model human disease in a patient. Thus, HaCaT cells infected with HPV represent human 
patient epithelium infected with HPV. The Boukamp article describes HaCaT as the first 
permanent epithelial cell line from adult human skin that exhibits normal differentiation and 
provides a promising tool for studying regulation of keratinization in human cells. The cell 
line maintains full epidermal differentiation capacity and remains nontumorigenic even when 
transplanted onto nude mice. (See Abstract). The Boukamp article concludes that "the 
HaCaT cell line is closely approximated to normal keratinocytes, and thus offers a suitable 
model to study regulatory mechanisms in the process of differentiation of human epidermal 
cells.... This cell line provides a valuable model system for the study of the role of oncogenes 
and other factors in the process of malignant conversion of human epithelial cells." (See page 
770, last paragraph). 

12. White et al. (J. Virology, 72:959, 1998; Exhibit 7) describes the infection of 
HaCaT cells with HPV virions extracted from HPV-infected human condylomas. The HPV- 
infected HaCaT cells were xenografted onto mice in order to test neutralizing antibodies 
prepared as part of an HPV vaccine development program. The White article states that 
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based on this model system, an in vitro assay which can be used to study the early stages of 
HPV-16 infection was developed. (See page 962, right hand column). Thus, this study 
further demonstrates the usefulness of the HaCaT cell line as a model for early stage HPV 
infection. 

13. The W12 cell line, which contains HPV in an episomal form, correlates to 
human epithelium, in particular, keratinocytes, and is used to model premalignant human 
disease. Coleman, N. and Stanley, M. A.(Hum. Pathol 25:73-79, 1994; Exhibit 8) describe 
the cervical keratinocyte cell line W 12 as a model for low-grade squamous intraepithelial 
lesions and that the SiHa and CaSki cell lines are models for high-grade squamous 
intraepithelial lesions and cancers. (See Abstract). 

14. Coleman and Stanley conclude that "differential expression patterns in cervical 
keratinocytes in vivo are mirrored by the in vitro finding that LI is only patchily present in 
the high-grade epithelium produced by CaSki and SiHa cells, but is strongly expressed in 
differentiated layers of NCx [normal cervix] and W12 cells." (See, pg. 78, col. 1-2). Thus, 
Coleman and Stanley establish a strong correlation between the W12 and SiHa cell lines and 
human patients. 

15. SiHa cells which contain HPV integrated into the genome correlate to human 
epithelium, in particular, keratinocytes, and are used to model malignant human disease. 
Rong, et al. (Chinese MedicalJournal 109:854, 1996; Exhibit 9) describe the use of CaSki, 
SiHa, HeLa, and W12 cell lines in determining the susceptibility of HPV-infected 
keratinocytes to lysis by specific cells generated by the immune system. The authors describe 
the cell lines as follows: 

16. "Cervical carcinoma derived keratinocytes, CaSki (HPV16+, 300 -500 copies), 
SiHa (HPV 16+, 1 copy) and HeLa (HPV 18+, 100 copies), were maintained in continuous 
culture in Glasgow's modification of Eagle's medium (GMEM) containing 10% FCS at 37 °C 
in a 5% C0 2 incubator. They were used as models of high grade squamous intraepithelial 
lesion (HSIL) according to the Bethesda system." (Rong, et al. Page 855, col. 1, 2 nd complete 
par.; emphasis added). 

17. " W12. as a model of low grade squamous intraepithelial lesion (LSIL) , is a 
cervical keratinocyte line which is immortalized but non-transformed by natural infection 
with HPV 16.... It contain[s] about 100 copies of HPV 16 DNA in the episomal form." (Page 
855, col. 1, 3 rd complete par.; emphasis added). 
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18. Thus, Rong, et al. establish that cell lines such as CaSki, HeLa, HaCaT, W12, 
and SiHa are universally recognized by researchers as model systems of human patient 
epithelium at various stages progressing to cancer. 

19. Tan and Ting, {Cancer Research 55:4599, 1995; Exhibit 10) correlate the 
response of SiHa and CaSki cell lines to the response of SiHa-induced human tumors in nude 
mice when treated with phosphorothioate oligonucleotides. HPV RNA was measured in 
CaSki cells and in the tumor cells extracted from the mice before and after treatment. The 
results demonstrated that treatment with the antisense oligonucleotides resulted in the 
reduction of HPV RNA expression levels in both the CaSki cells and the mouse tumors, in 
the inhibition of CaSki and SiHa cell proliferation, and in the inhibition of mouse tumor 
growth. 

20. Madrigal, et al. {Gynecol Oncol, 64:18, 1997; Exhibit 11) report reducing the 
expression of the HPV oncogenes with phosphorothioate oligonucleotides in cervical cancer 
cells. In this publication, SiHa, CaSki, and HeLa cell lines were used as models of cervical 
cancer and the results were shown to be consistent with similar experiments that used cells 
cultured from primary cervical tumors. The IC50 data obtained from the SiHa and CaSki 
cells and the primary cervical tumor cells were virtually identical. These data demonstrate 
the usefulness of SiHa and CaSki cells lines as models for human cancer. > 

21. Additionally, Z. Naghashfar, et al. {Cancer Letters 100:47-54, 1996; Exhibit 
12) describe prostate tumor progression models where HPV 16 DNA and HPV 18 DNA are 
used to immortalize human prostate epithelial (HPE) cells. The human prostate epithelial 
(HPE)/HPV immortalized cell lines are useful as a model for examining the effects of 
therapeutic agents for treating androgen-independent prostate tumor cells. Detection of HPV 
16 and 18 sequences were confirmed with positive controls SiHa cell DNA and HeLa cell 
DNA, respectively. HeLa cells are human cervical carcinoma cells derived from 
keratinocytes and are useful as a model system for human disease. 

22. Koromilas, et al. {Cytokine & Growth Factor Reviews 12:157-170, 2001; 
Exhibit 13) report that the HPV is the infectious agent in cervical neoplasia where the major 
risk factors are high risk HPV types 16, 18, 31, 33, 35, 39, and 41-45. The review also states 
that "the only viral genes which are consistently expressed following integration is the E6 and 
E7 oncogenes and these genes are critical for the development of malignant transformation 
and also play a role in altering the cellular response to cytokines" (page 158, col. 1, 2 nd par.). 
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Koromilas, et al. associate the various HPV types and HPV genes, such as E6, E7, E5, E4, 
E2, El, LI, and L2, to transformation and disease. 

23. These are but a few examples of a wide body of literature that support the use 
of HPV-containing cell lines as models of human cancer and the widespread use of these cell 
lines to investigate potential preventive and therapeutic treatments for human cancer patients. 

24. As shown by the evidence below, there is a correlation between HPV 
transcripts and various disease stages. For example, Mark H. Stoler (Intl. J. Gyn. Path. 
19:16-28, 2000; Exhibit 5) supports the association of CIN1 and CIN3 or invasive squamous 
cancers with HPV types. Infection by HPV types 16, 18, 31, and 45 accounts for almost 80% 
of the invasive cervical cancers (pg. 19, col. 2, par. 2). Stoler further indicates that "active 
transcription of HPV DNA within lesions establishes a strong molecular association of HPV 
with cervical neoplasia" (pg. 20, col. 1, par. 2). In addition, this publication describes using 
HPV DNA and HPV mRNA expressed in lesions to identify patterns of viral expression, 
where "the presence of viral RNA and protein expression leads to a rational framework 
implicating the virus in lesion pathogenesis. Patterns of viral mRNA expression vary with 
morphology in a tightly regulated and differentiation-dependent manner" (pg. 20, 1 st col., par. 
1) where low-grade lesions do not have a restricted pattern of viral gene expression as found 
in invasive cancer. These reviews associate HPV types to cervical neoplasia, HPV genes to 
transformation and disease, and correlate HPV nucleic acid expression to lesion pathogenesis. 

25. Saewha Jeon and Paul F. Lambert (PNAS 92:1654-1658, 1995; Exhibit 14) 
demonstrate that integration of HPV 16 DNA leads to increased steady-state levels of 
mRNAs encoding the viral oncogenes E6 and E7. Jeon and Lambert also report that 
expression of E6 and E7 genes in transgenic mouse systems leads to tumor formation (pg. 
1654, col. 1, par. 1). This publication demonstrates the correlation of HPV gene expression, 
i.e., E6 and E7 mRNA measurements, and disease, such as cervical cancer. 

26. Goodwin and DiMaio (PNAS 97(23): 125 13- 125 18, 2000; Exhibit 15) 
describe that HPV 18 transcript ratios are associated with transformation, cancer, and disease 
stage. In particular, Goodwin and DiMaio establish that HPV 18 is associated with cervical 
cancer. To demonstrate the association between HPV 18 transcript measurements with 
transformation and disease, the authors use the HeLa cell line as a model for HPV 18-induced 
cervical carcinoma. Goodwin and DiMaio describe repression of HPV 18 E6 and E7 
expression by inducing E2 expression, resulting in increased p53 and pRB, leading to tumor 
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suppression. Goodwin and DiMaio correlate E6/E7 expression and the tumor suppressor 
pathways, p53 and Rb, in HeLa cells (page 12517 "Implications"). The abstract states that 
"most cervical carcinomas express high-risk human papillomaviruses (HPVs) E6 and E7 
proteins, which neutralize cellular tumor suppressor function." Since Goodwin and DiMaio 
report that repression of HPV oncogenes in HeLa cervical carcinoma cells induces tumor 
suppression, one skilled in the art understands from reading the instant application and this 
reference that HPV transcript measurements are associated with transformation, cancer, and 
disease stage. 

27 Thus, it is my experience and my opinion, as one skilled in the art of HPV- 

induced disease, diagnosis, and treatment, that cell lines such as, but not limited to, HaCaT, 
W12, and SiHa are universally recognized by researchers as model systems of human 
epithelium at various stages of progression to cancer. It is also my opinion that the 
experimental results disclosed in the above-identified specification correlate to HPV-induced 
neoplasia, disease and cancer in humans and correlate to the diagnosis of risk, onset and stage 
of HPV-induced neoplasia, disease and cancer in humans. Furthermore, it is my opinion that 
one skilled in the art understands how to make and use the instant invention from the prior art 
and the instant specification. 

28. It is also my opinion, as an expert in the field of nucleic acid chemistry 
analysis and inventor of several patents related to the use of HPV types in diagnostic testing 
(U.S. Patent Nos. 4,849,331, 4,849,332, 4,849,334, 4,908,306 and, 6,355,424), that the 
methods in the above-identified application are enabled as described in the instant 
specification and as commonly understood in the art. 

29. To support this position, I present evidence herein establishing that the method 
described in the instant specification in relation to HPV 16, also applies to other high-risk 
HPV types, such as HPV 18 and HPV 31. The data provide expression model systems for 
HPV 18 and HPV 31 using the E6-E7/L1 mRNA ratio assessment. The skilled artisan 
understands from reading the instant specification how to assess risk, onset, and stage of the 
HPV-induced disease in humans using other HPV genes, such as E4, E5, L2, etc. 

30. The following experimental study describes an HPV 18 mRNA expression 
model for assessing the E6-E7/ LI mRNA ratio. HPV 18 single-stranded DNA probes 
specific for E6-E7 and LI regions were designed and developed using established protocols. 
HPV 18 E6-E7 and LI RNA, complementary to the DNA probes, were transcribed in vitro 
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and used as the calibrator for normalization. The expression analysis system (EAS) protocol 
was utilized to obtain the expression data. The HPV 18 E6-E7/L1 mRNA ratio was measured 
in the HPV 18 positive human cervical carcinoma cell line, HeLa (ATCC, Manassas, VA). 
31. DNA probes were developed using PCR amplification and X Exonuclease 

digestion. The following PCR primer pairs were used, where the HPV 18 E6-E7 and LI 
probe sequences correspond to nucleotide regions 148-843 and 5748-6720 of the HPV 18 
genome, respectively. 



E6-E7 region 


LI region 


5'-CTGATCTGTGCACGGAACTG-3' 
5'-GCTCG AAGGTCGTCTGCT-3 ' 


5'-GGTAATCCATATTTTAGGGT-3' 
5'-CCTCAACATGTCTGCTATAC-3* 



32. In vitro transcribed HPV 18 E6-E7 and LI RNA were quantified and used as 
the calibrator for the model system. HPV 18 RNA calibrators were used at 10 3 , 10 4 , 10 5 , 10 6 , 
and 10 7 molecules per well. 

33. The assay uses normal human keratinocytes (BioWhittaker, San Diego, CA) 
and HeLa cells, where 10,000 cells per well were lysed with Proteinase K (50 units per well) 
for 30 min at 37°C. The mixture of HPV 18 RNA calibrators, cell lysates, and DNA probe 
(E6-E7 or LI at 180 pM) in hybridization buffer (Digene) was hybridized for 2 hours at 65°C. 
RNA/DNA hybrids were captured onto streptavidin-coated plates (Digene) for 1 hour at room 
temperature with agitation at 1100 rpm. Captured RNA/DNA hybrids were recognized by 
anti-RNA/DNA hybrid antibodies (DR-1, Digene). Incubation with DR-1 was performed for 
30 min at room temperature. The plate was washed with HCII Wash buffer (Digene) 4 times, 
incubated with Enhance buffer (Digene) for 45 min at 53°C, and washed again 4 times with 
HCII Wash buffer. The plate was incubated with DR-2 (Digene) for 15 min at room 
temperature, and then read on a luminometer. HPV 18 negative normal human keratinocytes 
were used as a background signal (N; Noise) to assess the HPV E6-E7 and LI mRNA levels 
measured from HPV 18 positive HeLa cells. Both cell lines were used at the same 
concentrations, 10,000 cells/well 
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GRAPH 1 
HPV 18 Expression Model 
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RNA 
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Molecules/Well 


10,000 


100,000 


1,000,000 


10,000,000 


E6-E7 Probe, 
S/N-l 


2.7 


37.3 


306.4 


3549.7 


LI Probe, S/N-l 


2.1 


20.6 


219.8 


2404.3 



Table 1. HPV 18 Expression Model: The analytical sensitivity of the HPV 18 probes 
is depicted in Graph 1 and Table 1 (intercept E6 _ E7 = -5.14, slope E6 E7 =1.28; 
intercepts=-3.85, slopes u =1.03). 



Cells, 
10,000 
per well 


Average 
Negative RLU 
(Keratinocytes) 


Average 
Positive 
RLU 
(HeLa) 


%CV 


S/N 


Total 
mRNA 


mRN A/cell 


E6-E7 


79 


53,988 


6.1 


683.4 


1,749,217 


175 


LI 


153 


6,142 


26.5 


40.1 


184,963 


18 



Table 2. HPV 18, E6-E7 and LI mRNA in HeLa: HPV 18 E6-E7 and LI mRNA detection using the HeLa cell 
line. The assay was run in triplicate. 



Cell Line 


E6-E7/L1 Ratio 


HeLa 


9.5 



Table 3. The HPV 18 E6-E7/L1 mRNA Ratio. 



34. The E6-E7/L1 mRNA ratio was found to be 9.5 for HPV 18 positive human 

cervical carcinoma cell line HeLa. This E6-E7/L1 mRNA ratio correlates to the claimed 
invention, i.e. This ratio represents substantially higher expression of the carcinogenesis- 
related genes E6-E7 than the viral capsid structural LI gene. 
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35. As further evidence that the claimed HPV gene transcript ratio applies to other 
HPV types, an HPV 31 mRNA expression model was developed for the E6-E7/L1 mRNA 
ratio assessment. HPV 31 single-stranded DNA probes specific for E6-E7 and LI regions 
were designed and developed using established protocols. Full-length HPV 31 RNA, 
complementary to the DNA probes, was transcribed in vitro and used as the calibrator for 
normalization. The EAS protocol was utilized to obtain the expression data. The HPV 31 
E6-E7/L1 mRNA ratio was measured in total cellular RNA isolated from the HPV 3 1 positive 
neoplastically transformed cell lines LKP31 and A31 (a gift from Dr. L.A. Laimins, 
Northwestern University). 

36. DNA probes were developed using PCR amplification and X Exonuclease 

digestion. The following PCR primers pairs were used, where the HPV 31 E6-E7 and LI 

probe sequences correspond to nucleotide regions 96-803 and 5964-7017 of the HPV 31 

genome, respectively. 

E6-E7 region I LI region 

5*-CCTACAGACGCCATGT-3 f 5'-GTGGTCCTGGCACTGATAAT-3' 
5'-GCTCTTGCAATATGCGAATA-3 ! 5'-GGGTGCACTACGTTTACCTG-3 ! 



37. In vitro transcribed full-length HPV 31 RNA was quantified and used as the 
calibrator for the model. HPV 31 RNA calibrators were used at 10 4 , 10 5 , 10 6 , and 10 7 
molecules per well. 

38. The assay uses a mixture of HPV 31 RNA from the calibrators or isolated 
from cell lines and DNA probe (E6-E7 at 360 pM and LI at 1500 pM) in hybridization buffer 
(Digene). Hybridization occurred for 2 hours at 65°C. RNA/DNA hybrids were captured 
onto streptavidin-coated plates (Digene) for 1 hour at room temperature with agitation at 
1100 rpm. Captured RNA/DNA hybrids were recognized by anti-RNA/DNA hybrid 
antibodies (DR-1, Digene). Incubation with DR-1 was performed for 30 min at room 
temperature. The plate was washed with HCII Wash buffer (Digene) 4 times, incubated with 
Enhance buffer (Digene) for 45 min at 53°C, and washed again 4 times with HCII Wash 
buffer. The plate was incubated with DR-2 (Digene) for 15 min at room temperature, and 
then read on a luminometer. The total cellular RNA samples, isolated from human 
keratinocytes were transfected with HPV 31 DNA. Both cell lines utilized in this assay, 
LKP31 and A31, contained episomal and integrated copies of HPV 31 DNA; however, 
LKP31 had a higher copy number than A31, and thus LKP31 is assumed to represent a cell 
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line that is closer to cancer. E6-E7 and LI mRNA expression analysis was performed using 
500 ng per well of the cellular RNA sample. The 500 ng of total RNA approximately 
corresponded to 1.4xl0 4 cells (based on Qiagen RNeasy Handbook, 35 ng of total RNA ~ 10 6 
cells, and Digene experimental data, 32 jig of total RNA 2xl0 6 cells). 

Graph 2 

HPV31 Expression Model 
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Molecules/Well 
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E6-E7 Probe, 
S/N-l 
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95.2 


1007.1 


LI Probe, S/N-l 


0.7 


8.0 


81.4 


861.2 



Table 4. HPV 31 Expression Model: The analytical sensitivity of the HPV 31 probes is 
depicted in Graph 2 and Table 4 (intercept E6 . E7 = -4.05, slope E6 _ E7 =1.01; intercepts L i=- 
4.23, slopes u =1.02). 



Total 
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Average 
Negative RLU 


Average 
Positive 
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Total 
mRNA 


mRN A/cell 
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36.3 
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25.7 
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A31 
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Table 5. HPV 31 E6-E7 mRNA. Specimens were tested in duplicate. 


Total 
RNA 500 
ng/well 


Average 
Negative RLU 


Average 
Positive 
RLU 


%CV 


S/N 


Total 
mRNA 


mRNA/cel 
1 


LKP31 


51.7 


2,615 


14.8 


50.6 


612,792 


44 


A31 


51.7 


1,584 


0.3 


30.7 


370,737 


27 



Table 6. HPV 31 LI mRNA detection using the LKP31 and A31 total RNA samples. Specimens were tested 
in duplicate. 
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Cell Line 


E6-E7/L1 Ratio 


LKP31 


11.7 


A31 


8.4 



Table 7. The HPV 31 E6-E7/L1 mRNA Ratio. 



39. The E6-E7/L1 mRNA ratio was found to be above 2 for both HPV 31 positive 
cell lines LKP31 and A31. This ratio represents higher expression of the carcinogenesis- 
related genes E6-E7 than the viral capsid structural LI gene. The levels of E6-E7 and LI 
mRNA were approximately 2-fold higher in LKP31 cells than in the A3 1 cells. The higher 
level of E6-E7 to LI is expected in cells that are transformed by HPV 31 to the pre-malignant 
state, and as may be expected, the LKP31 cell line had a higher E6-E7 to LI ratio, possibly 
indicating a more neoplastic cell line. 

40. These experiments demonstrate that HPV gene transcript ratios of different 
HPV types, i.e., HPV 18 and HPV 31, may be used to determine the disease level in cell 
model systems of HPV-infected cells. In particular, the expression levels of E6-E7 and LI 
mRNA were detected; however, one skilled in the art may, from reading the instant 
specification, determine the HPV gene transcript ratio of other HPV genes than E6-E7 and 
LI. 

41 . In addition to the data previously presented, Mark Stoler ("Human 
Papillomaviruses and Cervical Neoplasia: A Model for Carcinogenesis" Int. J. Gynecol. 
Pathol., 19:16-28, 2000; Exhibit 16), describes the varying risk types of HPV at page 18, left 
column, which include high risk HPV 16, 18, 31, 33. Stoler further establishes that active 
transcription of HPV DNA is associated with cervical neoplasia and the expression of the E6 
and/or E7 region (page 20, left col., first full paragraph). 

42. Louise Chow and Thomas Broker (Chapter 12, pages 279-280 of "Small DNA 
Tumor Viruses" Viral Pathogenesis, edited by Neal Nathanson, et al. Lippincott-Raven 
Publishers, Philadelphia © 1997) report of high risk HPVs and the genes associated with 
them. In particular, E6, E7 gene expression is increased in high-grade lesions and 
carcinomas, while El, E2, E4, and E5 is low. LI and L2 signals are found to be absent from 
high-grade lesions. The expression of these genes correlate to high risk HPV types, including 
but not limited to HPV 16, HPV18, HPV31, and HPV33. Accordingly, one skilled in the art 
would understand the correlation between the HPV types and HPV-induced neoplasia and 
how to determine the risk of HPV-induced neoplasia from the claimed HPV mRNA ratios. 
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43. 



The cell lines such as HeLa, W12, SiHa are widely recognized by scientists as 



model systems of human epithelium in a patient at various stages progressing to cancer, 
where these cell lines contain different HPV copy numbers per cell. It is my opinion that the 
instant specification and prior art at the time of filing enables one skilled in the art to 
diagnose and prognose a patient having an HPV-induced disease using HPV gene transcripts 
as an indicator. In addition, the specification teaches and provides guidance for the skilled 
artisan to measure and analyze HPV gene transcript ratios for diagnosis of disease caused by 
different HPV types. 

44. I hereby declare that all statements made herein of my own knowledge are true 

and that all statements made on information and belief are believed to be true; and further that 
these statements were made with the knowledge that willful false statements and the like so 
made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the 
United States Code and that such willful false statements may jeopardize the validity of the 
application of any patent issuing thereon. 



Respectfully submitted, 
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HUMAN PAPILLOMAVIRUS IS A NECESSARY CAUSF 
OF INVASIVE CERVICAL CANCER WORLDWIDE 

^ , ^uain ftiu , CHRIS J. L. M. MEUER 1 AND NUBIA MUNOZ 5 

'Institute Catala d'Oncohgia, Barcelona, Spain amlun0K > M i>- U.S.A. 
i,r / m J'" te t J °f Can ^r Research. Belmont, Surrey, U.K. 
Unit of Field and Intervention Studies, IARC. Lyon. France 

SUMMARY 

(PCRHased test which was used. The formerly HPV-neLtive cases from this 22 h °l '"am reaction 

anhbodies and HPV DNA. Serology for HPV 16 VLpf E6 anTsT Zto^ * ha¥e j herefore b< *" reanalysed for HPV serum 
HPV-negative and a sample of 48 of the 866 cas« whfch were Sv^c"« ^ was performed on 49 of the 66 cases which were 
HPV-negative biopsies were a.so reanalysTbyTsan^ M " WW - 55 ° f the 66 

histological review, while the inner sections ar assayed by ZZ ZV^mv l™ SeCt, °" S * ° f Sections are ^ 
(ORFs). No significant difference was found in seroloevfo/HPVifi ^7 ^. aSS3yS tar e etin g different open reading frames 

and -positive. Type-specific E7 PCR for "Wetr!*^ 

HPV-negative and amplifiable specimens. The HPV ty^TecKeJe iTt T 3 3 T A" « ^ST ^ ° f the 55 
cases were only HPV DNA-positive by El and/or LI c^sensul PCR HktoK.'^'. ^ ^u 1 « d ^ Two < 4 ^ cent > 
qualitatively inadequate. Only two of the 34 adequates^Ss were HP V nwart v» ^fi 55 SpedmenS revealed ,hat 2 » 
were inadequate &K0-001). Combinine the data from thi'Zi Z ? PV - ne 8 at »'* «» all PCR tests, as against 13 of the 21 that 
HPV prevalence Tn cervical carcinomast £? jTce* £ g# ^"f * * *" ™ ,d ^ 

worldwide attributable fraction so far reported for a spedfic ouKf ?„ , JJE k " y aM " nrical ™P«« the highest 

cancers reinforces the rationale for HPV testing in aSo„"o or even ESlfT* ^ eXtremC ° f "PV-negative 

Copyright © 1999 John Wiley & Sons, Ltd. ' MtMd ° f ' cemcal c J ,to,0 »' in ratine cervical screening. 

KEY woRDS-^ervical carcinoma; HPV PCR; histology; HPV serology; epidemiology 



INTRODUCTION 

Cervical cancer is the second commonest cancer in 
women worldwide and infection with oncogenic human 
papillomavirus (HPV) types, most frequently HPV 16 
is the most significant risk factor in its aetiology 1 The' 

Jr n D e c^ ionaI Bio, °g ical St "dy on Cervical Cancer 
(IBSCC) study of invasive cervical cancers collected 
trom 22 countries reported a worldwide HPV prevalence 
of 93 per cent, based on the MY09/1 1 polymerase chain 
reaction (PCR) assay which targets a 450 base pair (b D i 

fo^^ 11 ^ HPV L1 ^ wading frame 
(ORF).2 Failure to detect HPV DNA in 7 per cent of 
these cervical carcinomas may have been due to either 
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the absence of HPV DNA in the carcinoma cells, or a 
false-negative HPV result. Integration of HPV DNA in 
cervical carcinoma can entail disruption of PCR orimer 
sequences or loss of the HPV LI ORF.3 In contract, the 
to and E7 genes are almost invariably retained, as their 
expression is likely to be necessary for conversion to and 
maintenance of the malignant state. 4 -* A false negative 
can also be due to the absence of cancer cells from the 
sample analysed. 

n S 1U nLT ,S . Undemken to reassess *»« Prevalence 
ol HPV DNA in this worldwide series of cervical 
cancers. Since a marked association has been reported 
between cervical cancer and antibody responses against 
HPV-specific proteins,*-" serological analysis was first 
pertormed for capsid and E6 and E7 proteins of HPV 
16, which accounts for about 50 per cent of HPV- 
positive cervical cancers worldwide.* To verify the pres- 
ence of carcinoma cells in the samples used for PCR 
formalin-fixed, paraffin-embedded biopsies of the HPV- 
negative cases were cut using a sandwich technique, in 
which the inner sections were used for PCR while the 
outer sections were used for histological review. The 
efficacy of amplification in paraffin-embedded tissue 
specimens is inversely related to the length of the frag- 
ment to be amplified.' 4 The analysis was therefore 
restricted to samples which amplified at least 200 bp, as 

Received 19 February 1999 
Revised 6 May 1999 
Accepted II May 1999 



HPV PCR ANALYSIS OF CERVICAL CARCINOMAS 



13 



determined by /?-g!obin PCR. Adequate samples were 
assayed with 14 type-specific (TS) PCRs for high-risk 
HPV types targeting approximately 100 bp in the E7 
ORF. In addition, CPI/II and GP5+/6+ consensus 
primer-mediated PCR assays were used, which also 
target small fragments. The PCR results were correlated 
with the histological findings. 



MATERIALS AND METHODS 

Clinical specimens 

Sera from HPV-negative and a tissue sample from the 
HPV-positive cervical cancer patients were obtained 
from the IBSCC Study. 2 The HPV-positive cases were 
matched in frequency to the negative cases on age, 
histological type, clinical stage, and area of residence. 

In the original analysis, 866 snap-frozen biopsies from 
patients with cervical cancer were HPV-positive and 66 
were HPV-negative by MY09/1 1 PCR. 2 For the present 
study formalin-fixed, paraffin-embedded tissue speci- 
mens' were obtained from 58 of the 66 HPV-negative 
cases. Material from the remaining eight negative cases 
was not available. 

A series of 5 fim sections were cut; the outer sections 
were used for histological analysis while the inner sec- 
tions were used for PCR. 15 Depending on the size of the 
biopsy, five to ten sections were cut. For PCR analysis, 
tissue sections were pretreated as described previously. 16 



HPV serology 

Antibodies to HPV 16 virus-like particles (VLPs) were 
detected by ELISA 17 and antibodies to HPV 16 E6 and 
E7 proteins were measured by a radioimmunoprecipi- 
tation assay (RIPA) with in vitro translated 35 S-labeIled 
full-length E6 and E7 proteins. 11 



p-Globin PCR 

jS-Globin PCRs were performed 18 using four primer 
combinations spanning 100, 209, 326, and 509 bp to 
assess the quality of the DNA. 

HPV E7 type-specific PCRs 

For E7 PCRs, HPV type-specific oligonucleotides 
were selected on the basis of sequence information from 
the HPV sequence database 19 after alignment analysis 
using the Clustal program (PC/Gene, Release 6.7; 
Intelligenetics, Inc, Geneva Switzerland). HPV type- 
specific primers were chosen to amplify approximately 
100 bp in the E7 ORF of HPV 16, 18, 31, 33, 35, 39, 45, 
51, 52, 56, 58, 59, 66, and 68. Type-specific (TS) PCRs 
were performed under the conditions described by 
van den Brule et ai 20 HPV genotypes were identified by 
Southern blot hybridization using type-specific oligo- 
nucleotide probes. Reconstruction experiments using 
cloned HPV DNA serially diluted in human placental 
DNA revealed a sensitivity of between 10 and 100 HPV 
copies per sample for all primer sets (data not shown). 

Copyright © 1999 John Wiley & Sons, Ltd. 



Oligonucleotide sequences used as primers and probes 
are shown in Table I. 

Consensus primer-mediated PCRs 

Consensus PCR primers GP5+/6+ 21 and CPI/II 22 
were used for amplification. GP5+/6+ PCR was per- 
formed with one biotinylated primer (bioGP6+) to 
enable subsequent typing in an enzyme immunoassay. 23 
CPI/II PCR was performed as described elsewhere. 22 
Both consensus PCRs amplify a broad spectrum of HPV 
types at the subprogram level. HPV positivity was 
assessed by Southern blot analysis of the PCR products 
with general probes of HPV-specific [a- 32 P]dCTP- 
labelled DNA fragments derived from cloned DNA of 
HPV 6, 11, 16, 18, 31, and 33 as described previously. 21 

PCR products from GP5+/6+ PCR-positive speci- 
mens were typed using internal HPV type-specific oligo- 
nucleotide probes for the most common HPV types 16, 
18, 31, and 33. The PCR products of CPI/II PCR- 
positive specimens were typed by stringent Southern blot 
analysis with [a- 32 P]dCTP random-primed labelled full- 
length cloned HPV DNA of types 16, 18, 31, and 33 as 
described elsewhere. 24 

Negative controls for PCR analysis 

Several precautions were taken to prevent false- 
positive results. Different steps such as sample prep- 
aration and amplification were performed in strictly 
separated rooms, and distilled water samples were 
included as negative PCR controls. To monitor sample- 
to-sample carry-over, HPV-negative liver tissue was cut 
after each specimen and subjected to all subsequent 
procedures including HPV PCR. None of these control 
samples was positive for any of the HPV assays. 

Histological review 

The first and last sections of each tissue were haema- 
toxylin and eosin (H&E)-stained for histological analy- 
sis. The slides were examined by a pathologist without 
knowledge of the HPV status for the presence of neo- 
plastic cells, extent of necrosis, extent of keratinization, 
and evidence of maltreatment (i.e. nuclear vacuolation 
suggestive of freeze/thaw damage). Final classification of 
equivocal specimens was made jointly with a second 
pathologist. 

Statistical analysis 

The Mann-Whitney C/-test was used to compare OD 
and cpm values between HPV-positive and -negative 
cases. Histopathological characteristics were compared 
using Fisher's exact test. All significance levels are 
two-sided. 



RESULTS 

The 66 HPV-negative and 866 HPV-positive cases in 
the IBSCC study were similar in relation to established 
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Table I— Oligonucleotide sequences of HPV E7 type-specific PCRs 



Primer 



Sequence (5-3') 



Probe 



Sequence (S'~3') 



HPV16E7.667 

HPV16E7.774 

HPVI8E7.696 

HPV18E7.799 

HPV31E7.811 

HPV31E7.890 

HPV33E7.671 

HPV33E7.76I 

HPV35E7.674 

HPV35E7.752 

HPV39E7.601 

HPV39E7.723 

HPV45E7.741 

HPV45E7.822 

HPV51E7.718 

HPV51E7.841 

HPV52E7.691 

HPV52E7.776 

HPV56E7.784 

HPV56E7.886 

HPV58E7.98 

HPV58E7.761 

HPV59E7.646 

HPV59E7.749 

HPV66E7.641 

HPV66E7.742 

HPV68E7.4604 

HPV68E7.4704 



gatgaaatagatggtccagc 

gctttgtacgcacaaccgaagc 

aagaaaacgatgaaatagatgga 

ggcttcacacttacaacaca 

gggctcatttggaatcgtgtg 

aaccattgcatcccgtcccc 

tgaggatgaaggcttggacc 

tgacacataaacgaactgtg 

ctattgacggtccagct 

tacacacagacgtagtgtcg 

ccaaagcccaccttgcagga 

atggtcgggttcatctatttc 

cccacgagccgaaccacag 

tctaaggtcctctgccgagc 

tacgtgttacagaattgaag 

aaccaggcttagttcgcccatt 

gcagaacaagccacaagcaa 

tagagtacgaaggtccgtcg 

ggtgcagttggacattcagag 

gttacttgatgcgcagagtg 

cgaggatgaaataggcttgg 

acacaaacgaaccgtggtgc 

ctccgagaatgaaaaagatgaa 

gctgaagttgattattaca 

aatgcaatgagcaattggacag 

cttatgttgttcagcttgtc 

aacaacagcgtcacacaattca 

agttgtacgttccgcaggtt 



PROHPV16E7 cggacagagcccattacaatattgtaacct 

PROHPV18E7 cccgacgagccgaaccacaacgtcacacaa 

PROHPV3 1 E7 tacctgctggatcagccattgtagttacag 

PROHPV33E7 tgtgacaacaggttacaatgtagtaatcag 

PROHPV35E7 caacaggacgttacaatattataattggag 

PROHPV39E7 tcctaattgctcgtgacatacaaggtcaac 

PROHPV45E7 agctcaattctgccgtcacacttacaacat 

PROHPV5 1 E7 tcaagtgtagtacaactggcagtggaaagc 

PROHPV52E7 atagccgtagtgtgctatcacaactgtgac 

PROHPV56E7 caaagaggacctgcgtgttgtacaacagct 

PROHPV58E7 tgttgttcaatgttacatcattaatcgaca 

PROHPV59E7 gtcgagcagatcgatcatcgtttcctacta 

PROHPV66E7 aggatgaaatagaccatttgctggagcggc 

PROHPV68E7 agtgtaacaacctactgcaactagtagtag 



risk factors for cervical cancer (geographical origin, 
socio-economic status, sexual and reproductive lifestyle, 
exposure to cigarette smoke, hormonal treatments, and 
history of venereal disease). 2 

Serological analysis 

Sera were obtained from 49 of the 66 HPV PCR- 
negative cases (group 1) and from a matched sample of 
48 initially positive cases (group 2) from the previous 
study. 2 Reactivity to HPV 16 VLPs and E6 and E7 
proteins was detected in 31 per cent (16/49), 35 per cent 
(17/49), and 29 per cent (14/49) of group 1 and in 42 per 
cent (20/48), 52 per cent (25/48), and 31 per cent (15/48) 
of group 2, respectively. Serum antibodies to at least one 
protein were detected in 56 and 67 per cent of groups 1 
and 2, respectively. Positive serum samples tended to 
have lower antibody levels for VLPs and E6 in group 1 
than in group 2 (Fig. 1), but there was no significant 
difference in percentage reactivity to VLPs Q?=0-92), E6 
(p=0*30) or E7 (p=0-76) between the groups. 

PCR analyses 

The integrity of the target DNA was determined by 
/?-g!obin PCR assays amplifying different fragment 
lengths. Of the 58 cervical carcinoma specimens, 55 (95 
per cent) were positive for amplification of j?-globin 

Copyright © 1999 John Wiky & Sons, Ltd. 



fragments of 100 and 209 bp, and 43 (74 per cent) and 21 
(36 per cent) cases were also positive for 326 and 509 bp 
fragments, respectively. The three cases which were 
negative with all four /?-globin primer sets were excluded 
from the HPV PCR assays, all of which entailed 
amplification of sequences of 200 bp or less. 

HPV E7 PCRs on the remaining 55 specimens were 
positive for one or more HPV types in 38 (69 per cent) 
cases. HPV 16 was detected in 15 cases; HPV 18 in nine 
cases; HPV 31 in four cases; HPV 45 in two cases; and 
HPV 33, 39, 52, and 58 in one case each. Multiple HPV 
infections were found in four cases: HPV 16/18 twice 
and HPV 18/45 and HPV 31/33 once each. 

Using consensus PCRs, 14 samples were positive only 
with El primers, six only with LI primers, and ten with 
both. Two cases were positive by consensus PCR but 
negative by E7 PCR. One of these was. positive only for 
El and the other for both El and LI. These cases 
therefore contain an HPV type different from the 14 
HPV types (HPV 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 
59, 66, and 68) tested for by HPV E7 PCR. Tentatively, 
these types were referred to as HPV-X. The remaining 
28 consensus PCR-positive samples were also positive by 
E7 PCR, and in every case in which typing of LI and El 
PCR products indicated HPV 16, 18, 31 or 33, the same 
type was detected by E7 PCR. 

Using HPV E7 type-specific and consensus LI and El 
PCRs, the number of HPV-positive cases was thus 40/55 
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(73 per cent), while 15/55 (27 per cent) cases remained 
HPV-negative. The HPV detection and typing results 
are summarized in Table II. 




SAMPLE 



Histological review of cervical carcinoma biopsies 

The histological results and HPV status of the 55 
biopsies are shown in Table III. Among the 40 HPV- 
positive cases, 31 were diagnosed as squamous cell 
carcinomas (SCC) and one as adenosquamous carci- 
noma. Six showed only dysplastic epithelium and the 
remaining two specimens were inadequate, one due to 
extensive necrosis (>75 per cent) and one due to mal- 
treatment. Of the 32 HPV-positive histologically 
adequate cases, 24 (75 per cent) were positive on at least 
two different PCR assays. Two of the 15 HPV-negative 
cases were SCCs. The remaining 13 cases were charac- 
terized as having only dysplastic (n=l) or normal (n = 2) 
epithelium, only stroma (n=2), extensive necrosis (>75 
per cent; /i=2), maltreatment (n=3) or extensive kerati- 
nization (>75 per cent; n~3). The histology of the 
HPV-negative group is shown in Fig. 2. The material 
was thus inadequate for eight (20 per cent) specimens in 
the HPV-positive group compared with 13 cases (87 per 
cent) in the HPV-negative group (/K0001). Figure 3 
summarizes the PCR results in relation to adequacy of 
the tissue. 
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DISCUSSION 

This study was designed to investigate the extent of 
true HPV-negative cervical cancer by retesting the cases 
originally classified as HPV-negative in a worldwide 
study of HPV prevalence in cervical carcinomas. 2 
Samples from 58 of the 66 HPV-negative cases were 
available, and 55 were adequate for PCR analysis. The 
similarity of the antibody profiles of HPV-negative and 
-positive cases (Fig. 1) suggests that a significant pro- 
portion of the HPV-negative group were in fact HPV 
16-associated. The epidemiological characteristics of the 
positive and negative cases were also similar. Our histo- 
logical reassessment and PCR assays targeting different 
ORFs used cervical cancer samples prepared by the 
sandwich method, which addresses two potentially 
important causes of false-negative results: disruption 
of PCR target sequence due to viral integration, and 
inadequacy of the specimens. 

The results of our consensus PCR assays targeting 
small fragments in the LI (GP5+/6+ PCR) and El 
(CPI/II PCR) regions, which were positive in only about 
50 per cent of the E7 PCR-positive cases (Fig. 3), suggest 
the presence of interruptions or deletions in the HPV 
DNA at the level of the LI ORF. Our PCR assays 
achieve similar sensitivity for each HPV type, so these 
findings indicate that in the remaining E7-positive 
cases disruptions were present in both LI and El. 
Although integration assays are necessary ultimately to 



Fig. 1— Antibody responses to HPV 16 VLP (A), E6 (B), and E7 (C) 
proteins of formerly HPV-negative (O) and HPV-positive (•) cases of 
cervical cancer. For VLP reactivity, mean extinctions (mean OD) and 
for E6/E7 reactivity, the counts per minute (cpm) are indicated. The 
cut-off levels for seropositivity (mean+3*SD) for VLP ( 30 °). E6 
(13 556), and E7 (9714) are indicated by dotted lines. Sera are arrayed 
in order of increasing reactivity. Each dot represents one serum 
specimen 
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Table II— Overall HPV prevalence and type distribution* 



HPV genotyping 



HPV - HPV+ 16 18 31 33 39 45 52 58 16/18 18/45 31/33 Xf 



55 



15 



40 



15 



1 



1 



1 



♦HPV prevalence was determined by HPV E7 type-specific PCR and consensus GP5+/6+ and CPI/II PCR assays. HPV genotyping was 

16,18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, and 68 as detected by GP5+/6+ and CPI/U PCR. 



substantiate that integration is one of the underlying 
causes of false negativity, the suggestion that the disrup- 
tions are due to integration events was supported by 
further typing analysis. The prevalence of HPV 18 in the 
original analysis was more than three-fold lower than 
that of HPV 16 (13*7 per cent versus 49*9 per cent), 2 but 
amongst the E7-positive cases, HPV 18 was almost as 
prevalent as HPV 16 (22 per cent versus 31 per cent), 
suggesting that HPV 18 is more often disrupted in the 
LI- and/or El region. Previous studies 25 - 26 have shown 
that almost all HPV 18-positive cervical carcinomas 
contain only integrated HPV 18 DNA. In contrast, the 
proportion of HPV 16-positive cases that contain only 
integrated viral genomes is 60 per cent or less. 25 " 2 ^ In a 
previous study, E7 ORF transcripts were detected in the 
neoplastic cells of all HPV 16 DNA-positive cervical 
carcinomas, including cases with very low HPV 16 copy 
number, provided that the RNA quality of the tissue 
was adequate. 15 This demonstration of continuous 
expression of the E7 ORF indicates an active role of E7 
in the pathogenesis of cervical cancer. The samples in the 
present study were inadequate for RNA in situ hybrid- 
ization (RISH), but the presence of E7 DNA in all 37 
specimens in which DNA from a known HPV type was 
detected, including 23 without detectable LI DNA and 
16 without detectable El DNA (Fig. 3), supports the 
conclusion that E7 is required for maintenance as well as 
for initiation of the malignant state. 8 

Our PCR results thus indicate that many of the 
samples which were HPV-positive in this study were 
false-negative in the previous study due to integration 
events affecting MY09/11 LI sequences, as suggested by 

Table III— Correlation of HPV status and histological charac- 
teristics 



Histology 



HPV+ («=40) HPV- (*=15) 
N(%) N(%) 



Squamous cell carcinoma 31 (77*5) 2 (13-3) 

Adenosquamous carcinoma 1 (2*5) 0 (0) 

Only dysplastic or 6 (15)* 3 (20)t 

normal epithelium present 

Extensive necrosis 1 (2*5) 2(13*3) 

Maltreatment 1 (25) 3(20) 

Only stroma present 0 (0) 2(13*3) 

Extensive keratinization 0 (0) 3 (20) 

♦All samples showed dysplastic epithelium. 

tTwo samples showed normal epithelium; one was dysplastic. 
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Bosch et al 2 It is most unlikely that the additional 
positives scored in this study are due to contamination. 
None of the negative controls included during sample 
preparation and PCR testing gave a positive result, and 
as the great majority were positive on two or more PCR 
assays, the results cannot be due to contamination with 
specific PCR products (Fig. 3). The strongest evidence, 
however, is our striking observation that a large 
majority (87 per cent) of HPV-negative cases, but only a 
minority (20 per cent) of HPV-positive cases (Table III: 
/?<0*001), were histologically inadequate, which cannot 
be an artefact of contamination. This suggests that 
failure to detect HPV DNA in these cases in the original 
study, in which the presence of carcinoma was diag- 
nosed in adjacent blocks, was due mainly to inadequate 
sampling. Histological inadequacy was defined in the 
present study by the presence of/'only normal or dysplas- 
tic epithelium or stroma, extensive necrosis, maltreat- 
ment, or extensive keratinization (Fig. 2). When analysis 
was restricted to samples which were histologically 
adequate, HPV was detected in 94 per cent (32/34) of the 
formerly HPV-negative carcinomas. The two remaining 
HPV-negative samples, which contained 50-75 per cent 
cancer cells and occasional necrosis, may be true HPV 
negatives, or might contain viral variants, sequence 
disruptions or very low HPV levels that escaped 
detection by the methods used. 

The great majority of cases in the IBSCC study were 
squamous carcinomas, but the conclusion that almost all 
cervical cancers contain HPV DNA is likely to be true 
irrespective of histology. Among cases which were 
adenocarcinomas or adenosquamous carcinomas, the 
prevalence of HPV by LI consensus PCR was 95 per 
cent, the majority being HPV 18 or related types, 2 and 
the single adequate sample which was initially HPV- 
negative was shown in the present study to contain HPV 
E7 DNA (Table III). The IBSCC study included only 43 
adenocarcinomas or adenosquamous carcinomas, but 
recent studies 28-30 using similar consensus PCR methods 
also detected HPV LI DNA in 90 per cent or more of 
cervical cancers of these histologies, with HPV 18 being 
the most prevalent type. Our results suggest that HPV 18 
is more often disrupted in the LI region than other HPV 
types, which would imply that PCR assays target- 
ing other ORFs are required to determine the true 
prevalence in adenocarcinomas. 

The results of the IBSCC report together with the 
present study indicate that virtually all cervical cancers 
contain HPV DNA. In the original analysis, 981 samples 
were analysed by consensus PCR; 115 of these were 
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Sample 

E7-PCR 
E1-PCR 
L1-PCR 




Fig. 2— Compilation of H&E-stained tissue sections from HPV-negative cervical carcinoma 
biopsies. (A) Squamous cell carcinoma; (B) only dysplastic/normal epithelium; (Q serious maltreat- 
ment, i.e. nuclear variolation; (D) extensive necrosis (>75 per cent); (E) only stroma; (F) extensive 
keratinization (>75 per cent) 



- adequate histology- 



- inadequate histology- 



* r U Ul 09 09 

Fi2 3_ H PV analysis of 55 cervical carcinomas using different PCR assays in relation to tissue adequacy. Bars ind ^ te P2 si ^%J°^ C T^SS 
PCR assay. HPV-X is HPV E7 type-specific PCR-negative but positive with one or both consensus PCR assays. El PCR: CP1/1I PCK, Li r^K. 



assay, 
GP5+/6+ PCR 



HPV-negative, of which 66 (57 per cent) were found on 
review to be adequate (containing tumour and PCR- 
sufficient). 2 Of these 66 samples, 58 were examined in the 
present study, and under our more stringent review 
(recutting multiple sections and accepting only cases 
with tumour in the outer sections and PCR-detectable 
jS-globin DNA in the inner sections), 34 (59 per cent) 
were adequate, implying that only 34 per cent 

Copyright © 1999 John Wiley & Sons. Ltd. 



(0-57 x 0-59) of the 1 15 originally negative specimens 
were adequate by this series of procedures. The pro- 
portion of the 866 initially HPV-positive specimens that 
would have been adequate by the same criteria is 
unlikely to be less than 80 per cent, the proportion that 
we observed among the 40 initially negative specimens 
which were found to be HPV-positive on retesting in the 
present study. On this assumption, the original study 

J. Pathol 189: 12-19 (1999) 
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included about 693 t80 per cent of 866) positive and 39 
(34 per cent of 115) initially negative specimens which 
were adequate by our criteria. Our finding that only 6 
per cent (2/34) of initially negative adequate specimens 
remained HPV-negative on retesting thus implies an 
overall HPV prevalence of 99*7 per cent among cervical 
cancers worldwide. Even if half of all women in the 
sampled populations had been infected with HPV at 
some time in their lives, this would indicate the highest 
worldwide attributable fraction ever identified for a 
specific cause of a major human cancer. The virtual 
absence of HPV-negative cancers implies that effective 
prophylactic vaccination might almost eliminate cervical 
cancer worldwide. 31 This is especially relevant in less 
developed countries, where screening may not be eco- 
nomically feasible. For developed countries, our results 
reinforce the rationale for HPV testing in combination 
with, or even instead of, cytology in population-based 
screening programmes, 
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1. Summary 



1' 



if^ The papillomavirus family represent a remarkably het- 
erogeneous group of viruses. At present, 77 distinct geno- ''" 
tyge^we 

"have been obtained from rSre than 30 putative novel 
genotypes. Geographic differences in base composition of 
individual genotypes are gei>Sally small and suggest a low 
mutation rate and thus am ancient origin of today *s proto- 
types; The relatively small size of the geribme permitted an 
analysis of individual gene functions and orinteractions of 
viral proteins with jibst cell components. Proliferating cells 
contain the \viral genome in a latent form; large scale viral 
DNA replication, as well as translation and functional 
activity of late viral proteins, arid viral particle, assembly 
are restricted to differentiating layers of skin and mucosa. 

In humans papillomavirus infections cause a variety of 
benign proliferations: wans, epithelial cysts t intraepithelial 
neoplasias, ariogenitah orolaryngeal and -pharyngeal pa- 
pillomas, keratoacanthomas arid other types, of hyperker- 
atoses. Theij^involvemerit in the etiology, of some major 
human cancers is of particular interest: specific types r 
(HPV 16, I8aand, several others) have been identified as 
causative agents of at least 9<P? of cancers of the cervix 
and are also linked to more 50% of other anogeriital 
cancers. These. HPV types a& considered^as^/f^A ' 
infections. Their E6/E7. oncoproteins stimulate celPprolif- * * 
eration by activating cyclins £ and A, and interfere with 
the functions of the cellular proteins RB and t p53. The ■ 
latter interaction appears to be responsible for their muta- 
genic and anei^iploidizing activity, as, an underlying princi- 
ple for the progression of these HPV-containing lesions 
and the role of high risk HPV types as solitary carcino- 
gens. In non-transformed human keratinocytes transprip- -.y 
tiori and function of viral oncoproteins is controlled by 
intercellular and^ intracellular signalling cascades, their in- 
terruption emerges as a precondition for immortalization 
and malignant growth. 

Recently, npyel and known HPV types have also been 
identified in a ..high percentage of non-melanoma skin 
cancers (basal and squamous cell carcinomas).- Similar to 
observations in patients with a rare hereditary condition, 
epidermodysplasia verruciformis, characterized by an ex- 
tensive verrucosis and development of skin cancer, basal 
and squamous cell carcinomas develop preferentially in 



I "^S^^^ed sites, this c^lc^gg^^l^ 
r ^ tween a physical carcin^elfWv-part of the sunlight) and 
aJ/ttw-^-st v (non-mutagenic) papillomavirus infection. Re- 
ports on the presence of HPV infections in cancers of the 
^^oral^a^\yrUie Tar^iix, and the esophagus further empha- 
size the: importance of this virus group as proven and 
suspected human carcinogens. 



2. Introduction 

The , infectious -nature of human arid animal warts was 
demonstrated at the turn of this century (reviewed in 
First ^ex^rimentite atierr^t^ta relate these infections to ; 
cancer development and to study interactions with other 
carcinogenic factors were made by Rous and his associates 
in the 1930th and in the subsequent two decades [2-5]. 
Based on initial observations by [6], Rous demonstrated in 
ingenious experiments the carcinogenic potential of a cot- 
tontail rabbit papillomavirus infection in domestic rabbits 
arid syricarcinogenic activity of tar and of defined chemical 

( carcinogens, when jointly applied with the virus infection. 
The carcinogenic activity of the Shope papillomavirus 

: (later renamed cottdntmV rabbit papiUomavims or CRPV ) 
was sub^quently irrefuta^ [7], who induced 

carcihora^in3bmesiic rabbits^with purified CRPV DNA 
or with J>NA^extracted from TCRPV-induced papillomas 
and carcinomas. 

The'' first visualisation of papillomavirus particles in 
human warts by electronmiqoscopy was reported in 1949 
(8]. The structure of papillomavirus genomes was unrav- 
elled by, Crawford and Crawford in 1963 (379]. The un- 
availability of tissue culture, systems, however, and the 
apparent benign nature of human warts led to few addi- 
tional experimental approaches in subsequent years. 

Almost unnoticed by contemporary tumor virology, 
blossoming in the late 1950s and 1960s due to the discov- 
ery of murine leukemia viruses [9] and the DNA tumor 
viruses rJllyoma llO], SV40 [1 1 J, and adenovirus type 12 
[12], twg different lines of studies contributed to the 
development of papillomavirus research: In 1959 Olson 
and colleagues (396] reported the induction of urinary 
bladder tumors in cattle by a bovine papillomavirus found 
in skin fibropapillomas. The same virus turned put to be 
tumorigenic in hamsters [13.14] arid transformed calf and 
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* M T murine cells.. in tissue culturc^{15.16j: Thus, a second 
- member °f papilloiiuviris ^ 

jh^.' clearly able to induce malignant tumors, 
^^^^i The second study roots back 4o ;- ?922. when 
, **^ a ^ sk y and Lute I392J repo^d ^ ^ and obvi- 

hr with 

— • , syndrome ^rm^^^ rw ^ 

ISv^^" 9 ^ that time of me^SeTfekigleciious ' 

v ( -rfe^W".^^ papi'lomatouscplaquei.^ cpv^rl%:_ 

n bew ^-^^ tcd *-" rW ' ? was^ubsequentjy;demonstfated by 
) and* f nd by,,Jablpnska:and her: colleagues [i*.l9] after 

, Re- H-ftffl^ W! 1 ^ *^^ 
,f the; ; '"free extracts?; Jablonska realized 4n 1972 that 

nphav c fll$ s £? ndit ! 0 . n W^-^W -4s nunlel in stiidies^oh tlie Jvle 
land jilt ^ pappcaciruses in oncofriusify -ii--;;-;./ 
. " ^5 Gradually interest in papillomaviruses evolved 'in the 
||§ secondpart of .the. 1970s.: evidenced by the -first papillo- 
||f. mavirus workshops, commonly attended at that-time by 15 
, ft t0 ?0 Part'cipants. This developed in part from the hypoth- 
'QW papillomaviruses may play ^significant role; in 
|§||the etiology, pf eancw af ehe cervix, [20i2 11; Tests- to V 
^substantiate.this hypothesis fad established ihterpliiralityW 
|g papillomavirus types and subtypes [22-24J. In addition 
.. ,|S Me, ^. ,s H [395] proposed a papillomavirus origin 
°- r i ^ W*" c - al yP ias ' separating themMfrom .^true' pre- 
Z*gr p^P?** TWs promised to «p«seht a valuabie ' 

l~ ^MW^ 05 ^ aid ^ «rad'ng> lesipns forssurgicaHhterventidn; 
ted.in f'j'; The demonstration of papillomavirus particles.: in typical 
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» ; W^L" :S M r " ' ^ ' ■"' ,r K«**Mviv*r "i typical 

li;^ 011 ^" 55 underlined their ob^rvauoris I^-^J. P^iito^^ 
abblts : ; g!W|MS- research, however, was also stimulated by the 
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mals against their own papillomavirus infections [3771 
raise a, sa mc time the hope for the prevention of 
cob anCa ° cers based on similar vaccination proto- 

m;t ? ^^to-Wl!i|^^^<w present understand- 
ing of papillomavirus infections by emphasizing their role 
m human cancers and^byj anajjping specific aspects of 
their interaction with the inTecte%Kt?and specific host : 
cell components. For a detaiIed^el||ption of the molccu- 
^u- biology of papillpmavirosesnandmrnmuiwlogicai and : 
cpideni^k^al aspecu the readeii isPferred to a number 
of Pther reviews'p^8.384.219,388t ^ ; 

■ ' •' V' ; * -•■>'. * ' . ' •• 

3. Structure of viral particlw^ tajinomy 

■Sl^Viivtpqrticles^ : 

l^iaireterof^ £ 
To.approx. 55 iinyFull pa^^taiou^doiible^ttatKled"' 

. d ^ . 

with histo,ne-like, prqteins [39:40j: a nd encapsidated by 72 
cap.spmeres l4J]. : The. major capsid protein feezed for by • 
the LI open reading frame; it seems to ^contiT reactive 
epuppes for type-specific neutralization. The L2 open read- 
mg frame codes for an additional structural component of 
^^'raVcaps'd. Antigenic domains iei Jthis^rotein appear :• 
4 ^^ ; responsibJe fr^p^j^^i^^ 
, Vjfus-hte, particfc^containingsthe suiicturar components '. 
of various types of HPV can..fowever; be obtained by the 
.expression of these proteins in recombinant vectors [4? 43I 

Si'^S ■* e ,- L - 1 I™** for this p'a^cie forma- 

tion Thi« nrn >.. n k»..> .. . '.apprdxi<55G00 and is 

w papillomavirus types. 

The second structural protein. L2. is less conserved and 
possesses a molecular weight of about 75 000. The non-en- 
,yelpped structure renders papillbmavrinisfestrelaUvely resis- 
Un|, to heating and tp.organicisolvents^thi . i • 



W .M^^ on ;orPoye^HPM-types mVled«w»of-patieiiei:. '--.i?^^.* 6 LlrPWeio suffices ft 
Ct l°": - It ^P^nno^splasia .ver^ciforrnis (EV) V and.here par-) 'v"° n ' Protein , has "a. mol wt. ofi; 
,VI ™ S p: u'cularly 'in malignant tumors of such patients [24 28] . , h »g n !y ,cpnser\ed among different 

RPV) 0: . M0 J9 #s ^ simation changed almost abru'ptiy- the ' ' — " " ' 

U B ^ n ? f ^ «P v «ypcs (HPV6and 1 1) from genital 
fw ^i^M-M subsefluently directly ; from cervical can- 
H^\$m* WPeS: ^ i and i8 ! [3l^reSulted in a 

hi fP'l^PW" Pf experimental work and also in «arly r -> c * ' ■ 
^N^^iS^i^'^^fi^" spi» e oT,mmierous elW genome , 

, -I •.t-W ^^?»^^^-it.t^aiinpsi-^ decade before-.'- 

nraV ^i: ^MH** ^IP?*'^ HPY types, in cancer of the -f- 

! \:&~.2^s^M ':m^.^>^ksi6a^^'^ or 

1 ??-3' t - W'et^ti iJptJi-z&i. . v .; .-v • ; 

addl : Joday.me. main interest shifwd ito mechanisms of caNsi 

3°f ^^i^by papillomayiruses: how do genes of these . 
. 1 ' viruses influence cell cirowth hnu/ 
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Wru^sin^ in 
mteftcj with host cell components, and to which extent is .^ *™ UOn ,^\^ ^ 

tfg'-fesK.-.- iftJZin^Lh „si . ' . " 10 . w n«c. n extent is ,. frames ••reveals- a ' remaricable>de«^ v mni^H.^ 



tn^.witlijtost cell components, and to .which extent is 
the failure or specific host ceil functions related to papillo- 
mavirus-induced oncogenesis? The yery recent recognition 
of a linkage of other widespread human tumor types, like, 
caiicers of the skin and of the oropharynx, with HPV 
infections points to the magnitude of the problem. Papillp- 
maviruses emerge as the most common carcinoma viruses 
136} and appear to play a Wref role as major- cancer 
pathogens 1371. 'Successful .first attempts. 10 vaccinate ani- 



The; genome consists of 7200-8006 base pairs of 
clpsed^ircul^'dpuble-stranded UNA conuiniljg up to 10 
.^' '.•^^IrajnM'^Rgr/IXrthe structure [ot the viral 
^genomes reveals remarkable similaHties between different 
1 memb < rs oT mis virus group: generally only onW strand is 
trahscripttpnally active, ;*eretoi|' i lr^nscr^';o1*MrS in 
one direction dnlv. and ik» .'f<&ft,&i/£? : Jt^LJil'L—i:- 



frames reveals ; a remarkable degree; of .correspondence 
i[45.46] : Papillomavirus genomes can be divided into three 
^region's; a-long coritrqi region (LCR) covering about 10% 
of the genome, and early (E) and a late (L) region The L 
genes code for structural proteins, the E region' mainly for 
regulatory functions engaged in genome persistence, DNA 
replication, and activation of the lytic cycle. ' 
--. 'v-tMeV-regulatidci -of viral gene^expressibn is complex and 
r controlled by eellulaY and' viral •'tran^nptbn^aclbrs. Most 
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SO= iiKg^i^CwtUl^rtiapfbriHd'W^IS genome indicating the localization of 



; open; reading f rarhesc(E 1' to E7* Tor <early ' proteins. l Ll and L2 for* late 1 A 
> prweins) and the u^tream regulatory region ( t'/?/? or long control region. « 
LCR^lbcf gurc jvas kindly provided by Dr. Felix Hoppe-Seyler. ^ e , 

; (: , ; ^ v-;i- -v uvlur ' - ' • • > - . " \./ f 

of l^se: : regulations ^ the LGR region which r 

^^e%$ubs^u^^ in- ; r 

. f .diyy range>/ 
in^sjzejtetween^8Q0^900/Bp; in oth<er papillomaviruses, 
\paitieularly ,Jnrlhose*fouridiin :EV somer, 
■ ;>r ; .>> whajti-shorter. Within the LCR cw-acti ve elements regulate < 
t - transeription : of Jthe E6/E7 genes which represent the : 
,;- V transforming genesrfbr immortalization arid for the mainte- 
nance of the malignant pheriotype of HPV-positive cervi- 
,. cal cancer cells [47^49]. ' v ^ . 
vl-vA /large ^inuniberfof: cellular transcription factors have, 
been identified, binding to* the- frequently studied HPV 18 
LCR: among them NF-1, API, KRF-1, Oct-1, SP-I, YY-1, ; 
and* "the ^glucdc^tic^ 

410,41 1, 55 ,£6]. The, dysfunctipn r of so appears < 

^'tff play^a significant ro 
: u genesis [57]! Ve^Jrcp^ epithelial factor^ Epoc- 

^ l/S^ tran- 
? f scnfMioh'differen in suprabasal ?ce|ls [58l.y>v 

!> ^ central region, of the- 

LCR;1fc the transcription : 

f ' ; lof ihe E6/E7 promoter located at the 3'-terrninus. of the 

LCR. Although f many of these factors , stimulate the pro- 
' rnot^r t s^ -YY-D-have a dual 

function 1 and repress and stimulate the viral promoter 

; j56;59;282]. ; ; . - v 

V Besides the cellular regulation v intragenomic regulation 
of the E6/E7 gene activity "by the viral E2 protein plays an 
important role in activating or suppressing these oncogenes 
(scc ^\qw). ^ LCRibf HP\^ l t 6 contains four E2 binding 
sites. The i'-distal part of the LCR contains the first E2 
binding site, forming the terminal part of this region, and 
the translation termination codon for LI. The same seg- 



, jrnent harbours transcription termination and polyauenvj-— " 

lion sites , for late; adscripts :and acts as^ 
\ tor at the level of late mRNA^ta^itu^ 
: r r The ; central 

E2 binding site at the 3^part is engaged * 



bindin 



i5& 

jj>wreplicatioh initiation, but also modulates E6/E7 tran- 
> script ^ioh?[55].^^nkitproxf mitl segment contains the promoter 
region^ terminated 5^ by the-E2 site and 3' : by the transla^ 
tipn start;Codon of uhe E6 gene.Two additiofial E2 binding, 
sites areiJpcated iwithin'thc prdximaj 90 base ; -pairs overlap- . 
ping^a TATA^box. E2 binding of these sites modulates the 
promoter activity 'by -displacing tte baiii: trajiscripiidn 
complex [381,62]. - 

3:3. nomenclature- and ^taxonomv 



... Since- 1976 [22], the genetic heterogeneity of the human 
papillomavirus group became more and more~ apparent. In 
; 19,78 aj ^small conference took place in Mobile. Alabama, . 
<, resulting t in / a proposal for HPV nomenclature: it was 
decided to designate new types if they differed by more 
than 4 50?c from l;n6wn prototypes when tested by reassoci- . 
nation kineticvperfonned under stringent conditions of hy- 
bridizatiqn [63 J. WhenJ'rnore and more sequence data be- , 
v-icame^available; it^was- decided' oh one of tHe subsequent 
>> workshops to iise DNA cbniparisons of the E6, E7, and LI 
open reading frames for typing of HPVs [64j. An overall 
difference within these open reading frames of more than 
10% was used to define new types. At the Annual Papillo- 
'"'* : mavirus Cbftference 1995 in Quebec City : this issue was 
reconsidered. Differences in only the Li open reading 
frame exceeding 10% from established prototypes were 
used from now on" for the definition of new types. 

To date 77 distinct HPV genpiypes have been described 
ands the %enomic sequences of mdst of them have been 
fully analyzed [65,380]: They are listed in Table 1. About 
30 v additiorfal; partial sequenced h^ye Been obtained of 
: ; putative "ribvef HPV types/suggestihg that the total nurtiber • 
: of existing HPV genotypes exceeds ^ well 100. The explo- 
- siori ^ iri ideritifying novel types originates from technical . 
advances, particularly from the application i of PCR tech- 
nology. The arbitrary definition of novel types, a differ- 
ence of mdre than 10% in the nucleotide sequences in the 
•E6, E7,-and LI open reading frames, seems . to define 
natural taxonomic units; sihee most recent isolates reprc- 
sented either hovel types or were identical or differed only 
marginally from established prototypes [66]. In spite of the 
^enormous 1 heterogeneity of this virus group, mutational 
1 changes appear to occur at low frequency, indicating diver-; 
' sification of the types already in prehistoric times. 

Based on their nucleic acid composition, a number of 
papillomavirus subgroups can be defined [67]. One of the 
largest known subgroup is represented by HPV types 
infecting mainly mucosal surfaces, most frequently of the 
anogenital tract. More than 40 of the identified HPV types 
belong into this group. The best known prototype of this 
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- plantar warn * 

- Common warts: , - - * ' 

V?Hlafeans-;; ; . -•■ ^* 
■ - ■ common wan£ j^j ytn^ ' ■ c 1 y " \ 

benign and malignanrEyifcsipqs -^v: v v 
genital Warts, laryngeal papillomatosis 5? 
• "lechery tfa&/o^ 
■ ; benign and malignant EV lesions ' 
Evictions "^i'-i- . 

; ^^ans ^ - 

laryngeal papnfoSfe. g^pitaj warts 
EV lesions 
,-^V>ral^o^ 

rl'^EVIesionsO^ ■'■>■■ '", ■ ; ">.'"'* - , 1 ' * . 
^/^^Jc5ions^- ; ■fgv'i-i-. ''W^ ^V». »'^.*" 1 

? no 5f n «a| i niraepithel iaJ neoplasias and cancers 
' EV lesions. ^ r > t * 

anogcniial ihtraepithcjia j neoplasias and cancers 
" EV lesions 4 ' : 

..; EV lesions • - . / ' " • . - \ 

EV Iesions. , ' - 

EV lesjon . ■ "*L..v . ' '"**r 

EV lesions 

EVIesions 

EV lesions r , . \ V 

common warts under immunosuppression 

common wans 
- ; flat wart r 

common wan * « - -'..ji 
. laryngea] carcinoma » : > v t 

anogenital intraepithelial neoplasias und cancers 
^ofal focal epitheiial I hyperplasia, oral papillomas 

anoceniuil intraepiihelial neoplasias and cancers 
/ anbgehilai imraephi»clial neoplasias ' ' 1 

anogenital neoplasias and cariccnt 

actinic keratosis: EV lesions : 

kcratoacanthoma * 

meianoma * "" ' 

anogenital intraepithelial nepplasiasVnd cancers 

anogenital intraepithelial neoplasias ~ 
p s cutaneous squarrtc^s cell carcinomas 
. anogcniial inuaepitf^Iial neoplasias 

anogenital intraepithelial neoplasias 

anogejiiiaLinjraer|^^i^^ 

anogenita^tmra^iu^irai ne^feilas and cancers 
^EV lesion^ .l-r:'^:'^ '^V*"*** 

EV lesio« : - . ^ u 1 :; 

. cuunewis squnmotis ct^. cafcihorna , , . 

flat wth under immunosuppression 

E V lesion 4 " • ' '>''•- " 1 . - . ' 

*?.'^ciii.i^!fttra^hlkSiai Acoplaiias auid 
^no^enitaiiniraepiu^ 
^ anogenital in^aepithejial neoplasias ! V d 
anogenital intraepiuSelial neoplasias ; 
anogenital intraepithelial neoplasia 
anogcnitalintraepimeiiai neoplasias and cancers 
oral papillomas and inverted maxillary sinus papilloma 
anogenital intraepithelial neoplasias and cancers ' 
anogenital intraepithe I i la neoplasias 
. epidermoid cysts ; 

anogenital intraepithelial neoplasias 
anogenital intraepithelial neoplasias 



Table 1 (continued) 



HPV type 



Preferentially found in: 



63 
64 
65 

& 
67 
■68 
69 
70 
71 
72 
73 
74 
75 
76 
77 



myrrnecia wart 

anojgenital intraepithetila neoplasia f ! ' 
pigmented wani^ ■ ..h {. ' v : \* ^ .■ 
cervical carcinoma J 7; 

; anogenital intraepiuSelial neoplasia r ; ; : 
anogenital intraepithelial neoplasia 
^°f5 ni,al intraepithelial neoplasias and cancers 
vulvar papilloma • - -.' 

: ^i.Mjgenital-MirjKpithieltia neoplasia • • •'"t-- ' ^ 
, oral papilloma ( (HIV patient) , V v '•. : 
oral papillornatHiy patient) . „. * v : • 
anogeniul intraepiihelial neoplasia^ 
, ^comrhon wart in organ i aHograft^ipJem 
cornnM^warrih, organ allograftWrpient ' 
common wart in organ ailbgraft re^p^ny f 



Only individual Isolates. 
* Now designated HPV 20b. 



group is HPV 1 6. .Another subgroup is repreWnted by 
viruses found in epidermodysplasia verTuciforrn^ lesions, 
with HPV5 ks the most prprhineht rheA 
are also found in lesions of patients suffcnng frrJm im- 
munosuppression. A third sTibgroup contains a few virus 
types preferentially found in cutaneous ksions^TKe ^proto- 
-type^of this subgroup irHPV 4; A^fointh sub^oup finally 
IS in itse,f heterogeneous an^conuiins some distantly 
related viruses like " HPV 1 ; ; HPV6$^ ana ; ir^y%l.^ 

The heterogeriei ty/pf the human papillomavirus group is 
not restricted to the: human memt>ers, the large number 
here seems to reflect the intensity of inyestigauow/ Thus 
far 8 bovine P^prtferaivjms^ype^ 
types have been cloned from monkeys and apes 

It is interesting to note that a number of animal papillo- 
maviruses are more closely related to individual members 
of the human subgroups than the latter arwpg^ch other. 
A rhesus monkey papillomavirus^ isolated ! from t a Renile 
carcinoma of these mbnkeys [68] js ^r^^ely^ed tb ; '. 
HPV 52. Similarly,; there: exisb a v^ 
between a pygmy chimpanzee papinbmavinjs afid HPVI3 
[69J. The Gottontail rabbit papillomavirus and the canine 
oral papillomavirus belongs into the subgroup of HPV1, 
63, and 41 [70,71 J. These observations stress the assump- 
. nop of the development of the papillomavirus group far 
b||ck in prehistoric times: f ; t ; i ; ; * 



4, Functions of viral proteins r : 

4.1: E2 protein V , 

The E2 open reading frame encodes at least two and 
probably three different proteins, all acting as transcription 
factors [72]. They differently affect viral gene expression 
and represent, major intragenomic regulators by forming 
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-dimers at specific binding stt^; HPV16 and HPV 18 E2 
protein function as transcriptional activators in human 
cervical keratinocytes [72-74]. -The C-tcrminaldomain of 
the HPV 16 E2 gene acts as transcriptional repressor and 
interferes with the activity of the full length E2 protein 

Deletion of the E2V open reading frame is frequently 
observed in cervical:: cancer biopsies and in *ceH lines 
derived from this cancer [161 leading to the speculation 
that this deletion faciiilaies transfonnation of human cells 
and the ^transition JD&a malignant state. Indeed, mutations 
in the 'E? ORIy but also; in the E2 DNA binding sites 
within the viral LGR led to enhanced immortalizing activ- 
ity" of HPV 16 DNA [77]. In cancer development, disrup- 
tion bf E2 appears, however, to. usually represent a late 
event since most premalignant lesions do not reveal this 
modification [78.79]. A recent study noted integration of 
HPV 16 DNA also in advanced cervical intraepithelial 
ne:op ? lasias [80], Besides its role in. transcriptional regula- 
tion,^ proteins interacting with! El stimulate viral DNA 

; replicati^ They- apparently facilitate binding of 

..E l , to the qrigin of replication [84]. ' 

2 4.2. E J protein ^ . 

^ El shares a humter of properties with SV40 large T 
antigen [W t 85]: it ' codes for a policistronic RNA, the 
protein has site-specific DNA binding functions [861 binds 
f| ahd'hydrolyzes ; ATP [84]. possesses ATP-dependent heli- 
: case activity [87] and is essential for papillomavirus repli- 
cation 188]: It also interacts with cellular DNA polymerase 
a [4071 the EI protein binding site in the origin of 
: ^-re^Iicacioh. Jocklized _in the proximal region of the LCFL 
; represents an 18 nucleotides imperfect .palindrome [89]. 
"^Bidirectional 'unwinding 1 of this region is a prerequisite for 
"viral DNA replication [90] Besides LI, the ? E1 open 
-reading frame represents the most conserved structure 
**amdng different ^pHlomavirusjypes. r 

A3. E5 protein r • .•' ' • v v. - - >. 

rThe E5 .protein is the major transforming protein in 
bovine papillomaviruses [91-93]. In contrast, in HPV in- 
fections E5 has only weak transforming activity [94-96]. It 
may cause tumorigenic transformation of mouse keratino- 
cytes, leads to anchorage-independent growth of mouse 
fibroblasts, and stimulates growth or primary rat kidney 
epithelial cells in cooperation with the HPV 16 E7 gene 
[97.72]. The open reading frame coding for E5 is fre- 
quently deleted in cervical cancers [76], although anogeni- 
*lal low grade intraepithelial neoplasias contain relatively 
large amounts of E5 mRN A and proteih [98,99]. this may 
support the assumption that E5 plays a role in early steps 
of HPV infection but is obviously dispensable for the 
maintenance of malignant transformation. 



The hydrophobic E5 protein is mainly localized ^iihiip 
the Golgi apparatus, in part.it is also found in ther^asrn^ > 
membranes [ 100]. BPVI E5: protein binds and^ehhanavi^ 
the effect of platelet^erivcd gro\Clh factor (PDGF) andVip-0 
epidermal growth factor (EGF)^ jfttect not seen by Hp u 
J^^J^Z)0\ T% lat^r K protein, however reduced^ * 
the degra^tipn v of internalized EOF receptors; Rcc 



mi 



studies demonstrate complex formauon ^tw^^ 
E5 protein with epidermal gro^ plaiblciP^ 
derived grow^fb^6F p receptor., cohmy stimujatihpl-ic- 
tor- 1* recepior, : and v w ith ^yesiciilar stomatitis virus glyco- 
protein [ 1 04]. thus, this protein- complexes witrK varietx 
of other transmembrane proteins. gPV I and HPV I ft- K5 
proteins also associate with' the' ;membrane-boui|l proton-'* c - = 
ATPase which is part ^ J 
[105,383]. In HPV 16 E5^iransfected cells a strong impair- ^ 
ment of microinjected Lucifer yellow was noted; ccwolm-: : ' : 
ing with dephosphorylation of conncxin 43. a major «:ap r 
junctional protein [106]. - c y , 

4.4. E4 protein , . ^ " v 

The E4 protein seems to be incorrectly assigned as an \ 1 
early gene product. It originates from a viral RNA tnin^C - 
script formed by a sihglc^lice^etween the begmnin^ of ? 
the El open fading franie '^d^E^pen reading frame. ; , 
This mRNA is the major transcript in HPV-inducei lesions : ; 
[107,108]. Tlie role of W in the life cycle ol^ihe t • 

vims has yet io be determined. It is not required for 
transformation or episomal persiisterice of viral DNA ( 1 09]. 
The E4 protein is exclusively l^ajized within the dilTcrcn- i v 
tiatin§ layer of the infected epithelium [ i 10.1 1 1.325.397]. 
It has r^en % speculated that this protein plays a^tole in - 
productive .infection; possibly, by disrupting nomiardiffcr- V 
entiation, establishing favorable cbndiiions for viral matu , 
ration. ■ ' . , ' ; 

E4 proians^sb^t^^th^th^ 
cultured epithelial cells [112.1 13], Electron micrpscopi- ^ 
cally they can be localized to toriofilarhem-Iike structures 
in HPV1 warts [4 1 2] HPV 1 6 E4 induces a coilapse of the 
cytokeratin network in cultured cells [1 12,1 13]. Multiple Z 
E4 proteins h^ HPV I -infected v 

cells ^ llOj This may ^result from differential expression ^/ 
but also from, posttransiatiohar and should 

influence the functional activity of E4 proteins [1 14] : ■ v 

Even papilloniayiros types shanng ^ tissue specificity 
reveail only limited Homology in DNA sequences coding ttl 
for E4 proteins ; [ I I 5].: The HPV I E4 protein has been 
identified as a zinc finger protein [1 f6]. The functional ? 
consequences.^f.this property ate. presently unknown,. 

4.5. E6 and E7 proteins - 

E6 and E7 proteins are expressed in HPV-positive 
cancer cells These proteins may cause immortalization of 
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human keratinocytes and of a number of other ceil types 
>x (see Section 4). Those HPV types coding for E6 and E7 
genes, involved in immortalization of tissue culture cells 
and found frequently in malignant tumors, are considered 
as high risk HPVs, contrasting an apparently low tumori* 
' genie ^potentialpfou^^ as law - 

p^7^,;lr^ and E7 vg^nes^ code for grbwth- 

f|f! stimulating proteins; particularly. E6 and E7 of sjiecific 
III types .are relevant for .the progression to malignant growth v 
fe^y|^edin;nj«P^ / ; y^' ; v . • ../ 

||§\ ' BptH prpteins-of high risk types cooperate in immortal- 

ization and transformation [408,47]; E7 proteins of ithese ^ 
^^yiruses. however, are able to transform established -rodent : 
ciett lines by themselves (reyiewed in [ 1 19]. Similarly E6 
represents an independent oncogene since, it immortalizes 
human mammary epithelial celMl20], ; ^ 



^11 

1H : = 



4JJ. E6 protein i : ; . > 

. The E6 protein of HPV 16 contains; 151 amino acids , 
and reveals four Cys T X-X-Cys. motifs mediating zinc-bind- 
ing which may. result in the formation of two zinc finger 
structures [121-123]. The E6 protein of high risk HPVs 
possesses a number of interesting biological properties: it 
cooperates y/ith the E7 protejn in the immortalization of 
human ceils [47]. Introduction of this gene into specific 
types;of human mammary cells may lead to immortaliza- 
tion even in the absence of E7 [1 20,124]. E6 of these ;L y irus 
types, in addition, cooperates with the ras oncogene in the . 
immortalization of primary rodent cells [125] and induces 
anchorage-independent growth of NIH 3T3 vcells and tran- 
.scriptionally transactivates the adenovirus . E2 promoter 

(126],: . ■*. . . 

A most significant observation related to the function of 
the E6 protein was made initially by [127], revealing the 
binding of the cellular p53 protein to E6. This was fol- 
lowed by experiments showing that this binding promotes < 
the degradation of p53 [128] mediated by the cellular 
ubiquitin proteolysis system [129.385]. p53 acts as an . 
transcriptional activator by binding to specific^DriA se- ' 
quences [130] and is required for the, growth arrest folIoyv- K . 
ing cellular bNA damage [13 1,1 32]. Cells without* func-— 
tioning p53 are -not arrested appropriately in^Gl and 
display genomic instability [133.134]. The transcriptional 
activation by p53 induced after DNA damage is inhibited 
by HPV 18 E6 [135]. : > 

The interaction of E6 with p53 is obviously the prime ; 
cause of chromosomal instability in cells infectedf by high 
risk HPVs [136-138]. It sensitizes human mammary ep- 
ithelial cells to apoptqsis induced by DNA damage [139].V 
In addition, the abrogation of the p53 function by transfec-:, 
tion with the HPV 1 6 E6 gene enhances the resistance of > 
human diploid fibroblasts to ionizing radiation [140]. / ■ 

Degradation of p53 by E6, though apparently responsi- 
ble for chromosomal instability and. therefore presumably , 
one of the main risk factors in the progression of premalig- 



nant lesions (see below), is not the sole function of this 
viral oncoprotein. The degradation of p53 seems not to be 
sufficient for a growth-stimulatory effect tit E6 observed in 
huma^ 

tein of HPV 1 6 function^ as a trans^ptional represser of 

the Moloney murine leukemia vinis l^ 

aiid of the cytomegalovirus immediate early promoter ( i'42]; 

* In addition to binding p53"and the cd 
i E^AP. E6 interacts with virious^toe^^p^ 
» cellular proteins [l43]'aind with a v putative^alcium-tinding 
■■' -protein [144]." ^>lh'?^^ - 
* . ,•• • '/'" ; \ • r. -,el it 

4.5.2; E7 protein ■ ;'**• * r ■ c -}^.- 
The -HPV 1 6* E7 protein represents a zinc bind i ng r phos- 
•: phoprotein with two l Gys-X-X-Gys ? domains fcompo^eid of 
'V98> amino acids. A zinc binding domain and two C^s-X-X- . 
Cys motifs reveal similarity to the E6 r pfoteiri; suggesting 
an evolutionary relationship between the two proteins.- the 
amino terminal' part of the ET protein' contains two "do- 
mains corresponding partially to the^'con^ i 
(GR-I) ahd completely to ? conserved region" 2 (CR-2)* of 
adenovirus El A proteins aind ! to an analogous^ region in 
SV40 large T antigen [ 1 45 ]. r Both of the E I A- regions aire 
* involved in cell transformation [146], Both coifespphding 

domains in E7 (cd-1 and cd-2) contribute-^ 
«. izing potential of E7 [ 1 47]. In a 'y^t^c^h^bnd^sysitem 
, dimerization of the E7 'oncoprotei n has been demonstrated 
in vivo [4 14]. ^ ; , ^ ; - i 5 

Similar to El A and SV40 large t antigen, high risk 
HPV E7 proteins ^omplex^with^theT^ 
nihility protein pRB [148-150], The^ binding afTtnity ' of 
high risk HPVs E7 for pRB is approx: 40-fold higfier r than 
that of low risk HPVs [384]. This difference results appar- 
ently from a single amino acid modification at the position 
21 [151] which^ilso influences the ability of E7 to copper- 
\ ate with an activated ras gene in transformation of baby 
rat kidney cells [152]. pRB-binding. however, does not 
_ .emerge as a general precondition for immortalization [153], 
^pointing to additional functions of the E7 protein. In 
- correspondence to El A/pRB comptexes, E7/pRB bind- 
ing; releases the transcription factor E2F from pRB comr 
plexes, activating transcription of genes regulating cell 
/ proliferation [154,155]; Interestingly, a strong RB-binding 
: activity ^has also b^en rcpoi^d fprthe low risk HPV1 virus 
E7 protein [156] which^fail|v to reveal other 

„ transactivating activities; ^ > ^ 

Besides binding pRB, E7 proteins of high risk viruses 
associate with related'proteins, such as p!07 and pi 30. and 
with the protein - kinase p33cdk2 and with cyclin A 
[157.158]. Recent studies demonstrate that E7 expression 
in N1H3T3 cells results in a constitutive expression of 
cyclin E and cyclin A genes in the absence of external 
growth factors [159]. E7 activates the cyclin A promoter 
' via ;an E2F binding site. Cyclin E activation requires the 
cd-2 domain, but not cd-l. whereas cyclin A activation 
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W^M^W?' 1 ^ T?»? ^!'n E activation precedes 5. Transmission and natural histoid of papiHo^a viru. 

Pfe^°^y v E7;QVOTdes ^t^. Jnl|ibiidfy ^W^binfccttons/- ^:>r^t# : .- h-^Silmn ?*ni*d8 'tm- 

vS^« : ;|%i>lvD > tltansmissiqri^f^ 

vR7r mutants indicates .that the activation of -by therpresenc^^ 
; ^se^gatw whh the ability^ E7 to 4 ^[168]: Anogenita! infettibrfe/ are^ihly 

ftiiSf^^lM^?^ ^"M&IXv transcriptional; actiyation by >sexuaMntact; HPV^PNA i^^ly^fet^pj^^^ 
^Xf^E? h^^^ the adenovirus E2 unexperienced young women ll6^l?Ij^^ 

(160,161] and B-myb prompters [162]. i; , , ; . . • ' ■ x 

Recently it has been demonstrated that the HPVI6 E7 
protein can complement functions of El A provided by the 
El A aminpterminus and required for stimulation of aden- 
, py ims c> ty^ pro^ters ( 1 63] : Under these condi- 

tions the-ass^iation of protein. complexes containing c-jun 
with ATF sites is stabilized. In addition, by using a 
gl^ system, ; E7 -^om- 

; plexe$ with ^P-l transcriptipn factors have been demon- 
strated ^ jun-D . and *c<fos 1415], 
Mutation^ -an^ysis revealed : that the. E7 ziric-finger motif, 
but . not the pRB binding domain were -involved in these 
interactions. -Since a transcriptional ly inactive c-jun ? delc- 
^tipn H mutant also bound* E7 and interfered .with E7-ihduced 
immortalization, the. juniEJ interaction appears to be 
physiologically relevant/:; — • : : r a : r 
: : High-risk E7 proteins, to v a Jesser extent than E6 pro- 
, teins>(seej below), can bypass DNA-dainage p53 induced 
G, growth arrest [ 1 64- 1 66, 1 36], as a potential \ mechanism 
for die reported E7-inductioh :of chromosomal aberrations 



^nogeriitallHKv intectiorvs^are also Mhsmitte^^i|itally 

*&be?U*ns^ 

laser plumes [178$I 79J^ i : ^: & ^at ^ va " 

Oral-genital contact may lead to infections at oral siiev : 
by anogcnital HPVs [ISO], Salivary transmission. probably 
accounts for additional infections of this ^region. ■ 
; Skin ini^tiohs'by'pap^ 
rv^tacts \vith t6ritamiha 

abrasive surface |I8 1582] or by ; aequiring acadehtbl cp- 
- ithelial wotinding with, cbntarninafed^uiprn^ ^-p, 
^ ^The natural history of HPV infrcu%ns ik pfes^nlSy ^t' 
fullytuhd^tood.-lf ap^ars that ti^m^brii^ 
^infections db^s riot lead to y isible les^h^. jl^may b^n 
abortive .^J&cfc^ 
- - Period 
potential; mechanism ^ functions results in a High prevalence of cfinicdfl^a^^- 
mosomal aberrations ^HI^ 



. _ • • •'■ " -• - ' — ...... uuwuuio iio-»-i,o/j= v-mviousiy. mrecuons- u:nn. 

lI67J. ,^e,tmode pfahisjlnteraeuon, isspresently ndtvfully v v-HPv s J fblina Almost Wxc 

•oup&^po^lmt.' sug&e^-«iMftt^nnectipn- b?l*&n : :p5.3 >- ! tidn? ejpiaenn^ysplasia'^c^ 

and RB regulating pathways:/ " - ' r must also be spread within the non-EV-rx>pulatibn^sihce 
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Fig. 2. Stepwise progression of high risk HPV-induccd lesions. The inner circle schematically rcprcNents initially infected cells, suhscqucm circle 
symbolize progressively modified clones with incTcascd expansion and growth potential. . 
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individual cases of EV have been noted worldwide (sec 
itvietv(!88D. 

An impoitant, yet unrc^lyetf issue is the cionality of : 
in^epttKeliil If^ipns and J^jcxisting literature on 
l : .: , this topic is scarce .and confro^ clonal 

gr^Kpf W suggest ^at^e devel- *< 

pil ,9f^^pf. 1?^$ ^ um ^ ^^y{^ MgWXi specific intra- * 
cejld^en^ with 
sped 

A ofactivations, mutations). . . , " , ? , v 

: Fctf^ schematic^iew of the r 

•^l|.;pfopcssion of lesions is depicted in^Hg..j2,« mainly, based 1 
^ on exfwimental findings within various stages. 9^ progres- * 
fH; sion: The percentage of initiaUy t high, ijsk.^ , 
women developing cancer of the cervix at .a iatei^staee of 



lliriife is low [J9 fl.1t should be stili muchjower^in infections 
If ^ with low nsk viruses. , . : % — r 

|gg; Virtually nothing is known viral 
|^ genome persistence in una^are% HPV 
^^DNA presence has. been demonstrated m clinically^symp- 
hm- to^n-free epidermal and mucosal ^kes of the cervix, the 
i larynx or the skm [192— 195]. The mode of maintenance of 
p| th|i,pNA penance is unknown vv . ; 

-.: - : - . : * ' . : : ^ 

||: 6- Non-malignant proliferations induced by papillo- 

ttSlna Virus infections V . ; , : 

' ■ . ■ ■ . . * 

|||: Papillomaviruses cause a wide spectrum of cutaneous. 

mucocutaneous and mucosal proliferations (see [196J). 
f^: ■ Thert exist vjpous .forms^ of common warts with an inter- 
| esUng locaJization-specific panern of virus-types: plantar 
| C waits contain, for instance; most frequently HPV 1 [24l the 
| T myhnecia typ9 of plantar warts is frequently linked^ with 
HPV 63 infections (197 J, hand warts contain most often 
ft HPV2 and HPV4 (23,24]. It appe^that individual virus 
J : types induce a somewhat specific histppa^plpgy,^ 
l'^ in iheir grow^stimujatin^ \ \ ... ; ^ ! 

r:V v .r>the wart, Howeven is nqf tlw sole ^ cutaneous ■manifesta- 
UOn of tnfections^by specific tyges o^, papillomaviruses: 
^ yarioiits HPV types have falso t^p"npted"in;]B^ 
jesidos . and x)th« 

Again, the development of premalignant changes regularly, 
tlwugh not; excluisively, depends on the : infecting ^virus 
typ^f Sblat ex(X)sure ; x)f HPV infected sites of HPV infec- 
lion of ^the, suri-ekposed skin may lead io s^carcihogetiic 
effects even after infection with low risk viruses {198] 
, J Anogenitirw 

taneous or mutosal localization?. It appears that HPV6 and 
HPV 11 which cause the vast "majority of genital wans 
Prefer ^mucocutaneous sites, since mosractive proiiferation 
and vinjs production is noted in condylomata acuminata at 
external genital sites. These viruses are only rarely found 
in ^ cervical infections. HPV 16, less frequently HPV ''ltt 9 and 
several other anogenital HPV types which probably repre- 
sent higli risk infections, cause Bowenoid lesions at exter- 



•nal genital and perianal sites (vulvar, penile, perianal and 
anal intraepithelial neoplasias). The same viruses, besides 
• ^me>adaitiohal low nsk HPV^hfe^bns; aw responsible 
^^for ccrvitd iritraepitheli^ neop^ anal- 
^ ^ysis(tecently revealed that more tKan %%%f th^ 
: r contain identifiable HPV tyj^s [35]. • ' ^ ^ J > 
\m -a '.:0ral lesions 'may contain anogenital- H^ very 
regularly HPVI I oi< HPV6 are -found in il#ngel : papill^ 
^tnmatosis ,{3D]:i Oral ^ 
^tiother anogenital tyi>es [64^(»;2Gl]PVei^^ 
3> been :thus far exclusively- detected in th^ oral mucosa, 
i5i :besidesrHPV)3 [202] arid^ H1PV32 '^^aX^^^^.iyp^- 
l i were -recently isolated 'from 4 oral lesidhsW iihmunbiup- 
\ v r ; pressed patients. HPV 72 and HPV 73 (201). ' ^ 

. 1 It- lis i IJkeiy that thei vast -niiajoriiy of HPV Tnfedions 
**r i remains clinically without symptoirns 'of ^bduces^uhkppar- 
-ent-microlesions; The -wide distribution of; HPV types 
r u?-thfoughout the world, even oP tho^'fouhcl only iH' ? rare 
^ clinical ^onditions. like epidermodysplasia verruciformis. 
"<• strongly suggests an effective mode of spreading within 
/• 'rCihe human population and probably long periods of p^rsis- 
; r tence arid Virus particle shedding frominfecte<i individuals. 
A Though hot stringent, there seems to exist a certain degree 
of specialization of subsets of 5HPV ^ types ^td^ specifically 
differentiated human cells which either permit ^ efficient 
infection or provide optimal conditions * for' viral jpahicle 
i ^ maturation: The; T adaptation^to;'-theie : ' r tiss 

» explain the tdevelopment of the surprisi ng heterbgeneity of 
n n the papilloma vims group in the course of evolution Within 
- the same host. , " ; j ? , . 



" "7; Papillomaviruses causing cancer: general considera- 
tions andj mechanistic aspects: 

: % . . t 7^L General coM / :i 4 . 

^ n ^Althpugh. an jnfectious,;etiolbgy ofrcancer; has been 
suspected by some investigators for more than one century 

.^^yiewed-«jn 1204].: and first animal data on cancer induc- 
, tion by animal viruses became available approximately 90 
years ago 1205.206], it proved to be exceedingly difficult 

'j : to demonstrate a causal involvement of infections in hu- 

. ;~man cancers. -Several -reasons account^for this'difficulty 

v , » / ■ • 

Infections suspected to be involved in human cancerdge- 
nesis are frequently ubiquitous (e;g., Epstein-Ban* virus, 
l: .papillomaviruses, hepatitis viruses). Only a small per- 
, . centage of infected individuals develops the; respective 
form of cancer. .' : • 

The time periods elapsing between primary infection 
. . arid cancer, deyelopment-are frequently in the order of 
: several decades./ : - ! * ; • - .. 

/The arising tumors are commonly monoclonal and, thus, 
cannot be the result of a systemic infection. 
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^Oicmiqil and , physical canccrogens are frequently sus- 
/ X^clcd. to be. causally related 4p «tfve sanie tumor types. 
T^se snptio^ j^^v r 4D: : be ^incompatible* with cancer 
development as fejmiji^iate^^ an 
infectjpni-Tlie f infection still could be necessary, but should 
■rte,notsuffieient;for cancer induction.; ; c v - 
; ^One 

, may, contribute^ to ^ canccrogenesisxby very different modes 
of interaction. Besides viral infections which seem .to exert 
,v a „gpw^sjimulating effeet;by : direct arid continued inter- 
, * actions, wi th jnfected host ceHsi&g. viral genome latency 
with continued ^expression .of /viral , oncogenes,, r/.v-acti va- 

^ tipn^of ^ceiljular genes v due<to viral DN A integration), other 
infections, ^ . cancerpgenesis indirectly • (re- 

Viewed in4208];jHuman immunodeficiency viruses (HIV) 

-substantially elevate the; risk for specific cancers (B-cell 
lymphomas; Kaposi sarcomas. - non-melanoma skin can- 

:cers). OAer^vims Jnfectionsv:particuIarly with members of 

n the herpes yirus : group. induce; mutations in host cell DNA 

: ; eyea;after ^ abprti ye and transient infections (209] and am- 
plify under the same conditions the DNA of other DNA 
, turnor 7 yiruses pcirsistingxin the; same cells [2104212]: 
^Papilloma viruses infections contribute^ directly to car- 

, cinogenesis; .since (with the exception of one animal sys- 
te^{2J^iX^jralkD!^Aipemsts- ; in.: the malignant cells and is 

genetically active J32^ 

sion will-be, limited to the potential causal link between 
these infections and human cancers and to /ra/ij-functions 
involved in cancer development. 

In conventional infections Koch's postulates [2I4] ? with 
minor modifications., have been used effectively to estab- 
lish causality. The propagation, of the suspicious, agent 
under experimental conditions outside the host and the 
induction of the respective disease in suitable experimental 
animals after prior-ih vitrtfculti vaiion are not applicable to 
many suspected human tumor viruses. Most of those can- 
not ;be: propagated undencxperimerital conditions- nor. are 
they .tumorigenic for laboratory animals. 4 
:oi^oL; overcome ;Uhes^ . Evan;; [215] stressed 

seroepidemiologicalidata as additional parameter to estab- 
4 lisfi ireiatioriship between virus infections and specific hu- 
;man cancers. ; His suggestions were motivated bV'serbepi- 
demiol6gical;:data linking Epsteiri-Bair virus to specific 
human cancers (see review [216]). In papillomavirus infec- 
tions^:none;of these parameters holds up as valid: besides 
nhe/ absence of ^effective? in vitro replication systems and 
suitable animal hosts, even seroepiderniology* provides in- 
sufficient information. A substantial percentage of cervical 
cancer patients carrying HPVI6- or 18-j^)sitive •tumors 
appears to be devoid of detectable immune responses to 
antigens of the, respective 'virus [21 7.2 1 8 J. The now emerg- 
ing possibility of seroepidemiological .tests by using ^ virus- 
like panicles [42,43] may^permit a more detailed analysis 
of the immunological response against HPV infections. 

In spile of these problems, are there criteria available 
permitting an unequivocal establishment of causality for 



these infections? Indeed, this has been attempted prevj. 
dusly [219] and is summarized as follows^ ^ 

Epidemiological evidence (risk as&ssmenL 1 coincidence 
of ^o^rapfiic pre valence. ^r<^pidemiblogy, piausibiliu 
- k of relationship^ infections ''represent 

risk^factprs for tte dev 

Regular preWhce and pci^istence of mtefeic acid of ih c 
respective infectious agent iii ceils of ^pcciilc maiigi^hi 

:i * T tumore;;-^ v ^;\ "; v \ ' i * f ' : . 

: Stimulation i of proliferation upon transection of iho 
• ^espfectivc giSn^jme or parts' thereof in corTtsfxmdiiio 
** tiiwu^ culturc^dilli: • . ,/\ ^ 

' ^Demonstration tha^^ 

^ni;w^ ant ; phenoiype of specific tumdr cells depend oif 



effects or functions exerted by the' persisting DNA of 
s the Infectious' agbnt:* 
The most ? convincing criterium originates from experii 
r merits the latent viral genome 
has been knwrked out in cervical carcinoma cells. As th< 
- consequence^ a decreased proliferation rate arid loss of the 
malignant phenotype have been demonstrated (49.220.22 1 ]; 

The application of these criteria appears to be useful for 
those viral systems where position effects of viral DNA 
"integration or specific viral gene functions 'are suspectedto 
be involved in cancerogenesis. 

7.2: High ajid low risk HPVs 

1 ' The original definition of specific HPV types as high 
risk viruses was based on their frequent presence; in cer\i- 

l ;cal and anogenital cancers [117]. In subsequent years the 
^assignment of different properties to both groups of agents 

• permitted a focussing of this definition. This became ap- 
parent when 4 higK risk' Viruses were shown to immortalize 

1 Kuman ke^ wherens low risk viruses 

failed to do so. The subsequent observations on p53 and 

* pRB Wrtping ; by ingh risk HPV oncoproteins [ 1 27 J 50]. in 
^e^arkAble^ontrast to several low risk viruses, seemed 10 ? 

\ C0T\Xnb\x\t another functional parameter for this djfferentia- 
1 tibn.' The induction of chromosomal aberrations as the 
4 consequence of ^ risk viral oncoproteins overriding cell 
% ^ycle;c6ri emerges as 

; the functionally most important distinction between these 
^virus groups. Due to these properties high risk viruses are 
able to directly contribute to the progression of latently 
infected cells and may act as solitary carcinogens [208]. 

Cancer cells containing low risk HPV genomes, fre- 
quently reveal modifications in the cellular p53 gene and 
occur at sites exposed to chemical or physical carcinogenic 
factors; Basal cell and squamous cell carcinomas of the 
/skin (see below) arc one example, extensive laryngeal 
papillomatosis which had been X : irrudiated in past decades 
and converted subsequently into squamous eel I carcinoma 
of the raryrix*(summarized in [405]) represent another one. 
Although the actual role of low risk HPVs in these malig- 
nant conversions is not vet clarified, the observations 
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suggest that mutagenic modificalions of host cell ^enes, 
presumably required to activate the oncogenic potential of 
tbese viruses, are mediated in^cbese instances,by fliie.phsrsi-- 
cai carcinogens;, the apparent inability of these , viruses to 
code for mutagenic, oncoproteins seems j to be, the, main 
reason for Uieir failure to act 

for their dependence on interaction with other mutagenic 
factors in the generally rare events of malignant develop- 
ment following these infections. ,-,^v 



Immortalization of, tissue ^culture, cells by. papillo- 

^Sniayiriis^V,- .... .. " - ' ; , y- 

( . i * , ■ : * ■ ■* - - '.■•"'-§•■ - 

Immortalization of tissue culture cells by viruses is 
^defined by the induction of continuous; .growth in;. - vitro 
g^^diout detectable tumorigenicity^ of . thes^. cells after het- 
i^^ipti^splantauon into immunosuppressed.animals.. Trans- 
ition^ defines continuous growth of cells 
fe^which, upon heterotransplaritaUon ,under the same condi- 
^|?iions^ ifonri invasively growing tumors.. 

The definition of immortalization is derived from exper- 
£\?;imental conditions. It is not entirely clear how it-correlates 
gl^io clinical HPV-induced lesions. )t is, however, suggestive 
|/||!$hat M corresponds at least to a proportion of low, grade 
|^:intraepithdial neoplasias, as deduced fipm three types, of 

P Innervations: immortalized cells in organotypic cultures 
g^ifiistolpgically resemble low grade intraepithelial lesions 
nftaviewed in (225]. In addition^ clinical -low grade neo- 
^plasias, in contrast to high grade lesions and invasive 
\^ cancer^ reveal a similar restriction of E6/E7 oncogene 
E^iranscription. as do immortalized bells, when the latter are 
f:^'heterpgrafted into immuncKrompromised^animals. [7?]. Fi- 
|; ; nally, though difficult, it has been possible to cultivate 
f . immortalized lines from explants of intraepithelial neo- 
j\^piasias J226-228]. ; ^ /^"M IT* \ . 

I Early attempts to immortalize cells t>y papillomavirus 
I infection date back to 1 963 when Black et a] ':, and Thomas 

; et al. demonstrated immprtaiizatipn of ^ 
I J bovine * papillomavirus irif^ction. ^n'/ f9$D TLoWy- and ; col- 
li ■ leagues 1393] showed that only 69^ v of the 'genome was 
H required for successful immbrtaUzalion. ^ 
K;; The first reports on attempts to immortalize or trans- 
| fbmii murine cell by human papillomavirus types appeared 
| in 1984 and 1986 [229.230K This was quickly followed by 
I similar data after transfection of rat cells, with HPV16 or 
f " HPV 18 DNA [231.232]; At about the same time/tt became 
|;. apparetit that the HPV16 E7 gene cooperates with the ras 
L oncogene in the transformation of primary rat kidne v. cells 
j ; [233J6I]. 

!*.':, Immortalization of human cells was with HPV16 DNA 
was first achieved in 1987 [222.223] and ; with HPV 1 8 
DNA in 1988 [237]. Subsequently a large number of 
additional human cell types, including skin, bronchia) and 
flf-Vidney epithelium, smooth muscle and endothelial cells, 
|p: have been immortalized by high risk HPV DNA transfec- 



lion (reviewed in [225]). Recent reports describe the im- 
mortalization of human prostate [234] and ovarian cells 
[235] by £ high : risk' HPV DNA, 'X)hly ISN A fragmenLs 
canying tKeiE6/E7*gen^ ^ 
■ tion of rodent [23i] ^d hu^^ 

/ Although the expression of E6/E7 "genes T is "h^essary 
r for immortalization of cells by high risk HPWtW^eipres- 
r : sion: is Clearly not suffidM A (238]: Th^ 
v : evidence for ihe^eed qYto^ 

:-; ; genes, as an additional prerequisite for immortalization. 
. This has been demonstrated by somatic cell Hybridation 
v - studies, initially performed with "cells from^other yirally 
immortalized lines [239,242,240]; subsequently also "With 

, HPV-immortalized ^ 
initially, infected or trarisfected cells eventtfaily^ ;* becomes 
immortalized; the vast majority' of these ce^ to 
express viral^ oncoproteinis [242] origin the • else 6fi HPV 
transfection; continues to transcribe E6/EPfnessage^[24i ] 
and undergoes senescence; ; - * ; : - ^ ^ : 

- Somatic cell hybridization ^rformed M with v different 
clones of -immortalized 'cells led^fe the idehuficati6ri >;; of 
four -complementation -groups conr^Ierhcnt^ 

v for seneiseence. Although" this number may^ increase in the 
future, it suggests tliat llw^^ 

> four cellular genes, presumably engaged in the regulation 
of the same signalling pathway [57p in addition <to viral 
E6/E7 gene expression may resulf .in-y mmortalizatibni = :: > 
, The inyplvement of cellular^genes whose failing f^ 
tion in the presence of HPV oncogenes: leads to immortal- 
ization. points ; to .two predictions: lhe^function ; of^ these 
genes in non-modified cells interferes with the function' of 
viral oncoproteins, as evidenced by^the continued expres- 
sion of the latter even in cells, undergoing senescence. 
Secondly it leads to the. expectation of specific mutational 
changes, possibly even visuali/ed.by specific chromosomal . 
aberrations, in immortalized cells. There exist indeed |first 

: reports on , speci fici chro^mosbmal; aberrations: in « HPV-iin- 
mortal ized human kcratimnfytcs, ^preferentially: involving 
sites pn chromosomes^ and^l^[243^245;390]>ri^anter- 
pretation of these data is stilhdifficult^sirice some of these 
immortalized cells had con verted' to malignant growths It 
seems to be relevant., however, thal^cven malignant HPV- 
positive cells can be converted to seriescenceiby ^the intrb- 
duction of chromosome II [24.6-249] chroriiosorne 4 f [250] 
chromosome .2 ; [25 1] and chrombsome 1v.{252]. : Unfortu- 
nately, most of these studies; particularly those on chromo- 
some - il. and 2,;wcr^ lines, 
rendering an inteniretation -of ;lhc relationship of jthese 
suppressing events strictly to immortalization impossible: 
- Cellular genes engaged Jn;'lhe prevention' of?;Virus-in- 
duced immortalization have not yet^ Heen identified.. It has 
been speculated that one of these genes may code for. the 
cyclin-dependcnt kinase inhibitor t pl6 INJCJ - protein {253]. 
This protein is upregulaled under conditions pf pRB inacti- 
vation [254-256]. Since the pE?r/pRB interaction: results 
in pRB inactivjtion. (see, Section 4.5; on E7). the uprcgula- 
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■_ ( tfcm of pl6 l?aC4 -may account for the growth limitation of 
primary HPV-infected qslls resulting in senescence after a 
prolonged lifespan. /Riis could provide an explanation for 
t -ilie;/unct!pnal- impairment of senraenr HPV oncoprotein- 
expressing, cells. In spontaneous immortalization of Li- 
: . Fraumeni syndrome fibroblasts loss of pi 6 l * K4 expression 
^has^been ^;cpnsistenUy curved [2571 A very recent study 
^suggests that loss of pi 6^ imay: be required? for the 
{ iminortalizatipn of hurnan uroepithelial cells byiHPV 16 
( E6 V but jnot for those immortalized: by E7 or jointly by 
^E6/E7 (258J. More studies need to be dbnelon pl6 ,NM 
expression in HP.V-immortalized cells to clarify the role of 
. this gen?; product and of 5 other; cycliriTdependeht kinase 
t ; inhibitors, in the suppression of immortalization: .m ui? 

• Jt is unlikely that p53 indirectly involved in the control 
7 \pf jmmortalizatiori. This can be deduced from experiments 
in mice where a p53 knock-out phenotype results into a 
relatively normal v deyelppment of these animals with an 
increased tumor incidence in later life ■-[259];*lris however 
highly likely *thatp53 plays f a very imrwrtant indirect role 
for, the progression of HPV infected cells towards immor- 
talization and^even to a malignant phenotype [208]: the 
inactivation of p53 by the rE6 protein emerges as the 
responsible event for the prevention of the p53-mediated 
G 1 ^arrest following: DNA damage [224, 1 36J Accumula- 
tion Qf resulting mutations in the course of subsequent cell 
divisions is probably a most important precondition for the 
eventual selection of celJ clones which acquired mutations 
in cellular genes controlling immortalization. The Junction- 
ally inactive p53 thus seems* to represent the most impor- 
tant .progression factor, possibly without a direct role in 
? immortalization and transformation. 
. it has been speculated that the stability of telomere 
, sequences: regulated by the. telomere polymerase plays an 
important role: for cell proliferation and senescence [260]. 
Indeed, telomere shortening is consistently observed under 
conditions |6f cellular senescence [378]. whereas activation 
of telomerase and recovery of telomere length with telom- 
?ere stabilization occurs in immortalized cells [261]/ Telom- 
ere " shortening is also observed in normal" human and 
pre-crisis HPV-expressing cells with a recovery of telorri- 
:ere length after immortalization [391]: A recent study 
showed tHatltelomerase^becomes activated by the E6 gene 
product of human papillomavirus type 1 6 c ven; in keritino- 
cytes which do not become immortal after E6 introduction 
[262], indicating that telomerase activation is insufficient 
. for immortalization: ■'■'■■<. :■. - ^ 

Hormones may play an important role in in vivo events 
related to immortalization (see below) of ^ HPV -infected 
cells. High risk HPVs harbor glucocorticoid 5 responsive 
elements within the long control region [263]. Glucocorti- 
coids ^enhance substantially immortalization by HPV 16. 
but fail to induce the sarne activity in HPV 1 1 infecliohs 
[264,265]. The hormone^ependcnt trarisforrnaiion by HPV 
16 and ras can be inhibited by a hormone antagonist RU 
486 [266]. ' Although all these studies were performed 
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' un ^ r ti&UcVuituire condition^ttls sugpstivi ihat^on* 
" mar^inanricreas^in the^ 
" ment iffider |dn^ 

- the* obserVatiSris [267,168]; ^ ^ ' ^ y . 

9. Malignant progression ;: 4 ' Vu ^ - ^ 1 ^ 

Numerous studies indicate dial there exists a substnniiaj v 
tirhe lag between primary infection by ^gr^n^ HPVs; 
development of cervical intraepithelial neoplaMas^c^m 

. ™ ata 5n and finally inv^iye^cancer.^ Anogenital HPvl 

c infection occur* m&r fh$ 

■ onset of ^iual activii^'an^ numr>ef i^f 

V s « Ua ' jpartne^e Hi^h rates; ^ rH^ V' a^cSiSs hav^'lW 
reporited in females in ' Western countries in age groups 
between 16, and "So! ye$; ^ , 
Cervical intraepithelial neoplasias revcai^^ a 
in age groups between 2^^ 

^ a ? ce ^ ^ cidefi< ^ .peaks; te'tw^n -55 y*$'of ^ 

[191]; This suggests already that thc iatenc^ period j^. ; 
tweeh PnrnarVjnfectibn ar^ ^ 
neoplasia averages; several y«^^al^lte 
wards invasive 1 growth seerns tolrequirc ^3iti<^^^ to # 
-years [|D7]. • ; [ ' ^ : 'f' j\ 

increasingly uriderstoiki: in situ r^hr|di^ticm^s^ 

^ analyses of HI^ I6/E6/E race 
A^ 69 ) I nd !??!^ 4" incremental upregiiiadon of HlRV E<p/te7 
expression at each stage of neoplasia. Inversely; dpy^re^u- 
" lation of E6/ E7 transcription takes place in^r^4rn-/ 
mortaltzed non-malignant cells after heterpgrahipg them 
into imfriunVcdmpromiscd animals [270157 1 ] or by expos- 
ing them to human macrophages in vitro [272]. This results 
at the same time m a marked growth inhibition. Rnally. 
*e %^ctive inhibition Jf HPVf8 $6^|7 Jene expression 
^^eryical ca^n^^'^H 
arid loss of tumorig^icilry [i20.49];^ 
^ that high risk HPV E6/E7 expression is^i prer^uisitc Jpr / 
continued growth stimulation, 
x of progression si^ests a correlation 

tfic vifa) ; Oncogene product and the seyerity^o^ 
lesion., Jhe^eiecn 
grafting non-malignant cells into imrnuno-compromised 
inimals shows, moreover, that the regulation of viral oncp- > 
gene express differs between immortLdized and malic- ; 
riant HPV-harboring cells. 

io! the ClF^oncept 

In Section 3, the 'role 'of the, failure of a controllipc j 

signalling .cascade, interfering t whh^tlie^yunction. of hieh : 

risk HPV oncoproteins for the development of the immof- \ 

lalized phenotype has been discussed: Thus, imrriortaliza- |; 

tion requires viral oncogene expression, but. in addition, j 
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i ihe functional failure of alleles regulating, this signalling 
M .rtscade. The reasons for suspecting a proportion of low 
J| grade; cervical int^cpitljcliai^iico^^ ^ correlate of a 
^^milar in vivo faito^ 

if liaht ^g^rion ^iow|y <te^nd£ on ^^itioiriiU changes- 
within ihe ^nc^ of infeted xell. As .pointed out in . 
iH 'pie preceding paragraph ara^^^W; si 8" 
llt nailing cascade needs to be iritermptfed, with 



i& **$^cfyiiffil activity pftiie y iral oncogenes. The 
|#:: : OTsin^ Of a c*Hu^ ini- 
Iff gaily ^l^aSd; in J 977 ;(27i2^,^]:; m > ^merging : 
^^ture f feday points to tKe ; c;xisfen& of tivo C!F-cascades. 
13? whose ^ cell is 

tMtfe precondition for HPV-linked cancefe. 

Early evidence for the existence of a cellular control of 
%^ : viral oncogene ti^scriptionai; regulation originated from 
^y^studies ^ reywijngS selective itownregvlauon of WV tran- 
|^:scripU6n in pon-mali^^ 

P^a»cytidine : ireati^n| in contrast to parenbKHeLa cells 
^{274]. Similarly, the HPV promoter, regulating the tran- 
prescription of HPV oncogenes in cervical carcinoma cells, 
l^'was silenced after subjecting these cells to somatic cell 
^vhybridizatibh with norinal keratinocytes [275L The down- 
l^regulation of E6/E7 transcription i in. non-malignant cell } 
rBtybn^ r ^ ^em 
Ifffjnto susceptible animals [270,79,98] further supj^rted this 
ll^interpretation. Tli^ e^riments pointed .to a paracrine 
i^jegulatid^ demonstra- \ 

l^iion bf an HPV ti^^riptibnai repressing effect bfliuman * 
l^and murine m^ro^ and of 

^specific cytokines excreted by activated macrophages, like 
pj TNFd |nd Interleukin-f [276;394,272] a&rid TQFP [277], 

suggests a cytb^ine-medjated response to paracrine signals. 
Individual steps of this signalling cascade "still have to 

be elucidated. Besides sp^ific cytokine: receptors; it is 
| ^ likely that a region in the short arm of chromosome 1 1, 
^ apparently engajged iri^the 

f'?' pKataseJ?^ (PP^A), plays ^ in 
I- n : this region lead to an upreguiatjoh ^ sgbunit ■ 

| ? v of PP2A, enhancing HP>^ r tran&np^ fibrob- 
V lasts [278]. iSirriilair effects haw been nqt^fteF 
of the oitaiytlc subunit of PP2A 1&Sc£&ic acid or SV40 
| ; r small t jmtigen. ^ < , 

I v ^ The t^inal ^ffe^ should be 

I mediated by specific ti^^sciiption factors. A number of 
| th^se factors have beeii .'shown to 'te^ for the 

1 regulation of HPV transcription (reviewed iri; [53]: A num- 
I' Ber of riegative regulators' have beeti i<&rU^ed: the Oct-1 
I Uanscriptipn factor [53], the riuciear receptor for 11-6, 
I NF-II-6 [2^6], retinoic &id receptors [279-28 1] and YY- 1 
I [56]. Except for Oct- 1 . the other factors Mhow some differ- 
I entiaf activity iri non-maligriant when compared to malig- 
| nant cells. YY-1 interacts with an upstream *switch'-re- 
I; gion in HPV promoter suppression (282]. 
| V Among factors positively regulating the HPV promoter 
| : (see review [53])."AP-1 seenis to play a particularly impor- 



tant role [283^84^2]. Modification of the proximal AP-I 
binding sites results in a loss of transcriptional activity. 
Recent data indicate that in the course of antioxidant or 
TNFa-induced transcriptional inhibition of E6/E7 tran- 
scription the ^epmppsi^on , of AP^l / cof^lexes changes 
;]401 j. C : jm[^jm the 
; synt^is. of ^ in 
^jnqn-n^igrj^ of an 

jjnerea^d s^feis^ Uiis protein is no 

johger fburid*^ A£-T complexes ^ be ripidly 
degraded. Thus, the upregulation of >Jra-l, probably trig- 
gered by cytokine interaction; an^ in 
AP- 1 hetert^imers^could Jre^ 

factors in the differential control ]of 'WV .trankripUpn in 
iwn-malignant Cj^s.; the malig- 

. nant cervicardircinpma^^^ " • 

The ^ disruption of cellular signalling ca^ades resulting^ 
from rhcdific^tto^ Kosl cell ptW 
mutational events or ^ epigenetic m^ificatiohs (e.g.^ 
yiation) of cellular, DN A* In high rfisk HPV infections this 
is most likely mediated ^^m ^ 
and to a les^f decree the^ E^ (see 
-S^tion\4^^imdV r Seclion 4.5.2). Continued expression of 
these oncoproteins, besides Jheir injterehi jgrowth-stimula- 
tpry activity, will gradually lead to , a selection of cell 
clones with specific Wutations, peirojlting^^^ 
lation of viral oncogene expression and viral oncbgene 
activity; A sdie IS 
outlined in Fig/ 1 Tlius,' high risk' HPVs seem to act as 
solitary carcinogens. '.^ \ . r 



1L Hereditary factors in papUloma^ 
and carcinogenesis 

Persistence and appearance of ^ papillomayinis : induced 
lesions is obviously influenced by genetic factors, at least 
in number of cbnditip^/The; gen^tic^ pre4 w^ition for 
epid^rmodyslasia vermcifdnnis h 
Similar data 'exist^fo^ of the 

ofarmi^ frequency 
among American Ihdians arid^ in Eskimos. ' ~. 

For squamous cell carcinomas of the cervix a high risk 
has been reported in women with HLA DQw3 [288]. 
Although these data have been disputed in additional 
publications [289:290], they are supjidrted by sirriilar ob- 
servations in rabbit systems [291]. 

It appears to be very likcily' that our increasing knowl- 
edge of mutations of specific cellular genes, controlling 
HPV oncoprotein function or viral oncogene expression, 
will lead to ihe idehiific^tion bf a higher number of 
individual genes whose failure will predispose to cancer 
development. The existence of these modified genes within 
the germ line 'will, depend on the compatibility bf these 
modifications with the development [ and survival of the 
affected embryo.' . - 
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12, Role of viral DNA inlegraUon A : 'X : ^ * tfu&^ccrVfcai carcifioma cell lines [301]. It may be *r ' 

, : . ; . substantial interest that this chromosomal region also har- 

^ ■ ^hi^ fira-l jgenej^ra) . A ^ne (tfTl$U irV cto^sorrtc 

DNA irt ceiv^ ^ *1 IpI5 i was localized ami identified ai a ^^mbr^^pross^r 

\ bec^^ v ' gene f<K H^U cells [3031 1 ^ ^ ■ 1 '-'X 

•" The inlegratipnal events results; in an intei]njption of the: Integration of vi ral DNA may also occur into sjx;cifi c 

: :\ E2, frequently also of the El o^n reading frames [76] and chromosomal loci potentially engaged in the ^conimj of 

to deletion or partial deletion of the do wnstream genes E4, * viral oncogenes resulting in the selecition (if such' cbnes 

ES^pj^^Li. Tile E2 protein ci^es transcriptional ([304] and unpublished dataX TTie r^ ' 

regulatory proteins that can fo^ suppress identified in these studieis with LOH i^ several cenical '"V 

• Viral ^ the carcinoma biopsies. Another integrations!^ 

disru^ in chromosome I2qi4- 15 in two cell lines (SW^fr and ^V- 

/ lation of viral' /jw^7Vcw&Hptioirii and increases the im- ' ^sk-vVierived from '.genital tumbri [4*13].'* v *7 . \ 0' 

irortaliwtion ca^ The Specific genes modified id some cm^ r*i 

integration ai^leads^ ^ the ,sies involve' the jun-B gene [305]^rie ETS ^ oncbgli^ : 5 

yii^ mdss^ apparently' by inactivating' a destabilizing [248] and the DCC gene (306] their role in HP V unco- 

^ elemehtin'jhV the Viral mRNA, This ;'sta6iliza- gene regulation remains to. be established. - *7 M 

lion is resulting from the chimaeric composition of E6/E7 - V . . > 

message^ with nankihg'hosixeif^uenc^' [76]. 7' ^m ; < > v 

/ V^ and dysregiilalipn of E6/E7 14. Papillomaviruses in human cancers " ■ ' r ^ 

oncogene activity is cl^ " , . vjy 

ment of ^ of viral DN A 14 J. Papilloma) irises in cancer of the t e w 

has been nbced in a number of high grade ininiepilhelial anogenital cancers */* './*"? 

lesions [2^ of _ ."'/"■ j • \- ■: i ' t *<- 

V 5 cells; with normal cells; rcgyiarty leads HPV 16; 18, and a ^niber of ^dditiohal HPY t 

to a norvmaSigna^^^ the continued have been found in about 95S^ of all 6i^^^ 

presence and expression of integrated viral DNA [270]. caruw of tte^^ 

Finally, in up to one third 6f cervical biopsies exclusively was performed with a sensitive technology and screening ■■'-■' 

epispmal persistence of viral DNA has been noted [78]. permitted x the detection of more tAan 4 HPV types 

; ^ Integration adds, however, to the dysyegulation of viral [307308,34]. HPV 1 6 is by far the, most frequently found * 

oncogenes. The most likely mode Qf^tljiX^ysregulation is viras type and accounts for 50 to 60%* of all positive data, 

probably less an increase in transcriptional activity rather the presence of HPV 1 8 varies between 10 arid 20#. A 

than die increased stability of E6 and 57 m R NA as a result number of analyses failed to include specific testing for 

of dw^^piion in the 3' untranslated pait of the early HPV^S, a type relatively closely related to HPyjg. Result- 

r , ^'irai ^gion;; The * A -f U-ricK ^lenient within "this region ing cipssrhybridiiati<rhs may have led to an overestimatipn 1 

* Iconfers^ -of Hf^V 18^ ^sh'ivity. Many'of these types have been found 

v ? ^ Mgfie^ l^vel qf -El protein has been found in cfpnal cell r *in exceptio^ ' V / 

v? ;P9BP^!^ S pf buman cern^ '\ The mere presence of HPV D t N A. in the vast majority of 

integrated HPJ^ 1 6 " : biopsijes ' from . cancer . of !tAe/ cen/ix"/iloeis notiprove an 

, ^ ing exclusively extracfirp viral DNA [297]. etiological involvement (see above). Early data pointing to v 

f - r^{ L ; f n v ^ - ; f . a fPlc were derived from experimental findings which have 

; . , ; t: y , ; ; j been discussed in the pre vious sections:' ; * 

13. Specific ch^mosoinal aberrations in cervical cancer . « the regular expression of HPV E6/E7 genes within the ' 

; . . .. lS . •. cancer cells, .v/ [ / - ' . • V 

t ^,- TTTie precJictipn of interrupted cellular signalling cas- • the absence of detectable cellular regulation of E6/B7 

. : cades in the (tevdopnw^ genes in cancer cells. X - 

late studies to identify specific chromosomal aberrations in • the immortalization of human cells by the expression 6f 

these malignant, but also in premalignant lesions. Nonran- . these, genes, 

dom structural changes and numerical chromosome aberra- - E6/E7 protein induction of growth promotion and 

tions have , been reported in cervical cancer [298-300]. chromosomal instability. \ 

, .Loss of heterozygosity (LOH) was most frequently ob- • cessation of cell growth and reversion of the malignant 

servetj jn chromosonie armk 6p2l-23 r 3pl3r?5 r and j 8ql2- phenotype in cells of cervical carcinoma cpll lines alter 

21. A number of other loci with LOH were identified on selective blocking of E6/E7 gene functitm. 

16 additionarchromosome arms, with higher frequency for These data essentially demonstrate that the E6/E7 on- 

chromosomes 1 Ip and I Iq arid chromosome I7p [3(H)]- A coproteins are the main determinants of the malignant 

rearrangement of chromosome Hql3 has been observed in phenotype in those cerv ical carcinoma cells which buy*; 
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been tested thus far> They provided the background for 
|pL./epidcmi6Iogical studies analyzing the role of HPV in 
. ; ^^iiiiceir<df the-'Ceivix.-' * ; . : 

I HGaseHrontrol studies contributed mainly to the epidemK 
^^;i:.o|<^(^-1inkVof^Hf V • -bfecfions ttd^cwBW' of the cervix;; 
fflt - 



ton 
ind 



test validity and sta^ were 
Abetter controlled for known or suspected risk factors for 
l^cervical^cancer (summarized in (388J). Irt axarefiil popula- 
IS vtiohrbased: casercontrokstudyj [32]; analyzed 436 incident 
pfl cases of squamous cell invasivexancerand 387 population ; : 
0$ .controls un. a low risk country (Spain) and a high risk" 
Ipl country. -(Colombia). The :odd.ratibs (OR) for HPV DNA 
S were 46 2 in Spain ^and * 1-5.6 in Colombia. Among HPV- ' 
pl£ negative cases, the risk factors .identified were related to'- 
JIP. sexual behaviour.in theiHPV-positive.group J tKe only other 
recognizable risk factor (besides HPV) ^ were the use arid 
f§l duratibn of oral contraceptives intake [31 1 J. The majority ^ 
:||| of 28: other studies came lip* with OR values between 10 . 
pi and 50, five of these were below 5, five of them above 50 
§11: [388]. Two of the latter exceeded OR values of 100; By 
||i including only those studies which used PGR technology, - 
|§§ the OR slightly exceeded 50M average. Thus, the OR for 
fif.' anogenital HPV infections as risk factors for cancer of the 
fllf cervix -clearly and substantially iops those reported for p • 

longtime tobacco smoking and lung cancer [387]. 
Illfv : Cohort: studies have been perforined to study the transi- ^ 
ip ; *tion of HPV infection to xervipl intraepithelial neoplasia^; 
llp(€IN)*and the progression from GIN to cancer. TKey have> 
S been summarized previously A carefuL analysis by > : 
[312] revealed a relative risk (RR) of HRy -positive women 
for the : development of high grade GIN of Hi AH other- 
available: prospective date indicate; that ;HRVI6. and 18' ' 
infections precede high grade GINs and predict an elevated- 
risk to develop these lesions; (see [388P^Thus; epidemio- * 
logical studies now strongly support the experimental data 
implicating specific* HPV types as cervical carcinogens. 
/THe> absence of ;significanUother identifiable :risk factors ; 
; also\^ supports the . . experimentally derived, ; concept 
M[208;386 ; 399] that high riskiHPV types may act as solitary^ 
^carcinogens. ^JV.-iv'?.;* . 

^The combined sets of experimental and epidemiological - • 
dataprove the etiological role of specific, HPV Hypes in a 
high proportion of cervical cancers. The presence of addi- 
tional types, in cervical carcinoma biopsies renders it likely 
that they, also play a decisive role in the development of ^ 
these cancers. It is presently an open question whether the 
remaining approximately 5% of: Vviras-ifree! cervical can- 
cers are indeed not harboring viral DNA, -and thus may 
have been caused by other factors, or whether they contain 
yet not identified novel HPV, types. Although it is likely 
that the majority of anogenital HPV infections has been « 
identified by now, there . still exists the possibility of 
additional infections. 1 ; ■ v > ^ 

In cancer of the vulva a number of studies reported a 
lower incidence of HPV positivity ; when compared to 



u cervical cancer [388}. Sensitive studies which included 
testing for more types than HPVs 6, I K 16. and 18 
reported ^ and W% [313-3 151, 

with Sn overall positivity slightly above 50%. there appear 
lb eXist two diffwnt iypes of vulvar -o^n^uamous cell 
carcinomas affrctihg ^ by 
-vulvar intraepithelial' neoplasia, containl?^ 
(most frequently* HPVlGfc-arid another group feinting at 
higher age Vwith lichen sclerbsus-lik^^ 
detectable «PV= DNA;[31<;3i7li \V will^e interesting to 
analyze ^ tumors of vthe- latter grokip for ihbse\cutaneous 
'HiPV^types which^hav^^ 

ceil carcinomas^ oHhe v skiir in immum)cWmprbm and 
immunocompetent patients' [1 981. ^ y ^ - 

^The rtiimber :of v^iriaf cahce^ is 
still small. 52^ c^sChave been ^rc 

^esa&^urider conditions of diffwht^iKitiyity>Snd speci- 
ficity;, 35 of these ^biopsies- werc^ested^by^ 
which T permitted HPV 1 typing beyond thfe ^fbur ^stand^ 
types. Twenty of these' (57%) turned out to be HPV-posi- 

- tive [3 18319:389]. Since the number of ty^s ; analyzed in 

? these tests was sliil veiy : limited^i^ 
ity- most likely * represent thV real 

''•figure 1 . 1 . ■\^^-^^'^-n^v 

1 In i^pcriile cancer, the situation appears to re^mble that 
6f vulvar^anc'er. although the overall rate of HPV positive 
ity seems to exceed thatlbf the latter [388].'Sttid[ies-which 
included a larger spectom'bffy in their positiv- 

4 ' ity between 54 and' 100% [320^323}^ with^^average of 
73% positivity. Most frequently agairi*HPV16 ts^ detected 
in 4these tumors; The' tbtal number of tumors tested - under 
;•• sensitive and specific conditions is here veiy liniit^d, too. 
Yet,*there may alsb* exist an entity of pehife tancers 
without the DNA of anogenital HPV types; \ • 

•The -rare vemicous carcinomas of penis of vulva and 
Buschke-Lciwenstcin tumors frequently contiain HPV6 or 
11 DNA [324]. - - - ), ''^;^: t ^' ' : . 

o nln * anal ♦ and perianal cancer the i li mited ^number of 
available studies describe a high degree of HPV^po^itivity, 
exceedingi70%, when testing* was performed :imder appro- 

^priate conditions [325,326]. Herie ^ r the ^situation ^s£ems to 

^resemble cancer of the cervix, although the limited number 

; bfuestV'dqts not permit firm eofclusibns. A^ 
•-i number of HPV ty^s analyzed ihthesebiop^ 

highly likely that the available detection rates; represent 
H underestimates. - ; " ; -. " 

, in summary, papillomavirus DNA is detectabie^ in at 
least 95% of cancers of the cervix and in more than 50% 

>j of vulvar, vaginal, penile, anal; and periahahcancers. 

14.2. Papillomaviruses in \ non-melammd skin cancets 

Early studies on papillomaviruses in skin cancer were 
conducted in patients with epidermodysplasia: vermci- 
formis (EV) (reviewed in [ 1 88] 5 E V: is a rare hereditary 
^ condition t>ccunring worldwide, in which initiallybbenign 
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- papillomatous lesions arise frequenUy at the age of 5 to 8 
yeare. Sornc of these lesions appear as red plaques and arc 
\ often overlooked by the patients. In about one half of the ;, 
patienu the lesions progress within the following ,20 to 3j6 
. years. At I ight-exposed sites initially actinic keratoses and , 
i; Bow£n^ deycjoij/ /Cancer progression; occurs; 

:H mam 

in local (kstniction^ usually without metastazation. - - 
jJ^ore^jrfuin iftnmdivjduaj: ^types ^pf ^HPVvhaye been 
■s ^rnonstotcd in <benign i Jestons^of EVrpatients. The same, 
patient fr^uend HPV types- in different 

lesions. Interestingly, squamous cell carcinomas develops 
ing^^the^pmients usually contain HPV& some of them 

i; Although .specific flPy ty pes * haye >been found in squa- , 
.^rnous cell carcinomas of. Ey .patients already in J 978, their,, 
causal role for r ,th'e induction, of (these > cancers, though; 
suggestive, is not prpyen in a : fqrmal sense. This is due to 
the difficulties in obtaining EV HPy-ppsitiye cell lines and:, 
to the inability of these viruses to immortalize human cells. : 
Jn view-pf.the observations^ that most >of c the malignant t 
lesions develop at light-exposed sites, it is likely that an 
interaction between- sunlight ,exr^sure and-HPV infection.: 
represents the major reason i for canceh development; The 
. exact nature of this interaction remains to be established. 

l^e underlyingvgene tf tjc e epi^ : 
dermodysplasia veiTupiforTnist is ;not;;yet-clear. Interest- - 
ingly, these patients do not show an increased sensitivity to 
, anogenital HPVr infections.. Its has been described that EV 
patients reveal, an inhibition ;ornaturatkiller-ce|r activity 
[328] . and of cytotoxic T cells [329]. As a constant abnor- 
mality, cutaneous anergy to strong contact sensitizers (diK 
nitrochlorobenzene - DNCB) has been noted in EV pa- 
tients [330], EV-like lesions have; also been observed in 
immunosuppressed patients following organ transplanta- ; , 
tion [33Jr334] pr after infection -with human immunodefi- . 
ciency yirus [335,3361. 0 ^i- ^: > ■ - : 

, i r Early^ ^stjudies ■ on^ non-melanoma skia cancers were * 
mainly conducted by using probes specific for anogenital 
; HPV types [337,338]. With the exception of periungual v 
■? Bpwen's disease/ and periungual squamous cell carcinomas 
[339, 177 ? 340^342]^hich;regularly conu HPV 16 DNA, 
a low percentage of HPV positivity was noted (reviewed in - 
[3881). One notable exception was the finding of HPVc 
41rpositive cancers in 2 out of JO squamous -cell carcino- ^ 
mas (343]. , ' • ^ ' V >, , . :. 

Recently, the; use of consensus primers covering a broad 
spectrum of HPV types changed the picture substantially: 
EV types [344] but also a larger number of novel HPV 
types [198] were discovered in about 80% of squamous 
and basal cell carcinomas of immunosuppressed patients. 
Even in immunocompetent patients, approximately 30% of 
these tumors contained identifiable DNA. when tested with y 
16 different combinations of consensus, primers [198]. A ' 
large number of different HPV types have been found in 
these tumors without a prevalence of specific types This is 
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a rather puzzling result and presently difficult to interpret 
>. 5ince; these types ofi tumors ^gain'>develop almost ^x|]u- 
; siyely;at, sun^exrx>sedcsitei/.anVinteractidri 

yinis; infections ah 

an explanation^ these virus rtypes^ represent 

low risk infections and? *arer non- mutagenic for host cell 

v^DN As Only additional mutations induced tby ^un^expostire 
rnay^resulrin^ 

: : quires 'IfurtherHnvestigatton.; - v kQc-htu 4 ; > \ r x 
a C The present unavailability of suitable in vitro systems i(> 
-analyze th^biolbgical activity '^bf: cutarieous^HPV infe- 
tions contributes lo the difficulties in assessing their role ih 
skin tumor progression: r: 

> T1ierc;exist; nprer^ri^ 
fonHPU>DNA.: (^c positive finding \ of • H£V37 in one 

/;melanorha"rerriained^sdlitary;up*a^ stuijy 

* failed totfind thisrDNA in 35 additional melanomas <vr in 
190 other skin tumors [345J. : v - \: v 



v vl f 4i3JPapUlomavi ruses" m -cancers of the oral cariry. the , ^ 
laryn^/tKeJungyond tHe nasal sinuses : . 

■ ::YY:p£} r./: ;.?s ^r^-- ''.^-^ - v ';,' .' 

> G 

and the^lar> f nx have been* mainly analyzed: for anogenital 
arid cutaneous HPV infections, ^The vast majority of identi- > :i 

••; fiedi,HPy types^ 6riginatesKfn>m 'these two^sites, only -very > . 
; few specific^ types have - been isolated ^ from 4he-;6ral cavity Z y 
[202,226501 ]. In ? yiew of the frequent occurrence of papil- 
r/lomas or papi 1 1 oma-1 ike lesions fin; the oral cavity [346]. 
' reviewed in ? [347], lampng ihem a r fair percentage; without 
iHPV'DNA detectableiby the probes usied in these studies, , a> 
it is likely that careful^screehihg .will ^lead;tb e the- discovery 
of additional papillomavirus types, specifically infecting - ; 
these^mucpsal sites> - v;: : : ^ . : ? rJ 

The Ufirst reports^pnahe ^presence; of HPV ?in; malignant 
tumors 6frthe:6ralrcdvityiap'peared in 1985 [348.349]. They 

:>were:fpll6wed!by^similarvrerx)rts on Hi^DNA in individr.. 

oiual ^ases<vof^cancfi;nf ofkthe ^arynx^ [350^352]. Although ,.- 
subsequently, by using PGR anatysh 9 :the : /riPV\deteciipnV 
data varied: between^p iahdiVl(X)%,f (see. [388]X studies 
>performed with reliable Uechriiques commonly came up 
'with positivity rates between 10 and 20%. in these studies 

! rnost, frequently HPVI6 has been found, H^8> Hpv6 - 
HPVI l. ana HPV2 wercalso reported in individual biop- 

vsies; One^sr^iflc^fo^m^of oralvcahccrrtonsillar 1 carcino- 
mas. revealed DNA of anogenital HPV; aypes at excep- 
tional i frequency, exceeding 50^ <of the biopsies tested t 

■ [353-3551. C . < . 

r. In laryngeal carcinomas the situation resembles that of- - 
other oraPcancers. Again a wide variety of data has been 
published ranging between 0 and l,Q09r (see (388|). U 
appears, however, that the situation is not different from 
other oral cancers, in that/ an average of close to 20^ i* 
presently positive*: when^te'sted by " reliable procedures.- 
Again most reported data preferentially included anogeni- 
tal types as probes. 
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Patients with laryngeal papillomatosis with subsequent 
^''development of laiyngeal or lung cancer contained HPV6 
|.\ <ff llV and in o^ 



carcinomas ;were only exceptionally ^reported; to be positive 



frequency of approx. 440000 new cases per year, corre- 
sponding to. about 5.8% of the global cancer incidence 
(4001 If one considers that more dim c S0%V of vulvar, 
penile, perianal and anal cancers; in all ^likelihood more 
than 20% of oral, laryngeal and nasals cancers contain 



f%^HPV; a ^predominantly anogenital. high «Hsk H leads 

f^Pwiae to alm^ to 

ItN lung cancer with few: exceptions sterns to b>e devoid of 
presently detectable HPV genomes: I : • ; v 
In carcindmas of the nasal ■siriusfes; .HPV 16 arid 18 have 



a 1 p£be^n^ 

0$. more frequently^ found in mvwteiS ;pagUl<^^[365-367]. 

U.4- Papiltomaui^ cancers of the esophagus 

S„::l A role of ^ papillomavirus infections in c^ the * 

♦ ^esophagus has. been ^stuteted ^ initi^jy; ^- Syrjanen in 
K?: : 5.I982 [403J, based on histological changes similar to those 

^: Vof cdndyiomatous lesions in esophageal squamous cell 
i^ c^irion^s^ Inspite of Numerous ' ^ auiefnipts f to clarify the 
' * tS^le" of WV'*in'"this cancer ts^f [3j&U the' available data 
r , r?i>:do not permit firm conclusions^ The available studies are 
^frequentlyibased on in situ hybridizations or, solely on PCR 
' ^technology. A Southern blot hybridization study performed 
Is^by -.[36 e 8l ; - failed A 'io v provide evidenW'for positive tumors, 
,@^though the s^ aitt^^nd clp^ to Sensitivity by" 
|g:q>plying a PCR reaction .specific for. anogenital HPV 
-f§| r tj^H^ PCR data? reporting positive , 

Results in the-range between 7 and 24% [36943711 it is 

likely f that a : «rtiin L p^^htage of these ^ 
I W identifiable reappraisal 
of .these data by using tests with j^fero^ is 
? :i clearly desired in order to elucidate the role pfeHPV in this 
| % frequent form of human cancer: ^ 

I f ; 14:5: Additional cancers suspected r to be linked to papillo? - 
t^Cmavirus infections . * f V 

J* - : • ' , . ■ • ... 

|;l;v Although a number of reports 'hzye been published 

* | ";. coming ^ Ae! presence 6f HPV/j^A^^^^ _ 
I;:: "c^cer, in cgnctiy of the ovary ^ .gie^cplp^ of the [ t rv 
4*'- breast (see [388]j t < these studies have, not ib^n confirmed in 
• j other laboratories and remain at present unexplained. 

? T ' Wcii^ocuhierited iriSdividual c^es* ^however, exist in 

. L cancers of the bladder [372-374]. and urethra 1375,376,404]. !:< 

I The percentage of positive tumors; in bladder cancer is . 

: | : usually low, in most studies belpw^ 10%,^ln. urethral can- 

! cers higher rates of positivity ha ve^ been noted. This is not. 

| unexpected since the latter site may be directly exposed to 

h HPV infections. ' ' ' ' , ( 



,1S. The global role of HPV*linked cancers and coitclu- 

■ sions . ^. ' : - . 

Cervical cancer represents the second most frequent 

■ malignant tumor of women worldwide with an estimated 



these infections. ^ ^ ; w r , r y ; 

Recent data point also to a role of low(risk types in 
non-melanoma skin cancers here in conjunction with a 
physical carcinogen/ solar exposure. Non-mel^^ skin 
cancer is the most frequent malignancy in Caucasian popu- 
lations. Although tfi^ latter ^ 
v there is, good reason to susp^t that the actual con^^ 
of 'papillomavirus^: [infections tor human cancers well ex- 
-ceeds the "'10% mark: This identifies ^ infections by certain 
members of ffiis vi^ thfe mbst important 

risk factor for human cancer development. In view of 
rather excellent, prospects of cpn^lUng .at least some of 
these infections* by vaccination [3771 the identification of 
an HPV etiology of a major fraction of human cancers 
paves the way fdr new strategies iri canter prevention. 
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The human pqplllomavfruses (HPVfc) specify a complex fomily of overlapping potycistronlc mRNAs, 
including one that encodes transformation proteins ond an autoreouldtory transcrlptfonal factor 
capable of both positive and negative feedback The viral enhancer-promoter region also 
responds to constitutive and conditional host transcriptional factors. Together these regulatory 
proteins modulate viral transcription in coordination with epithelial tissue differentiation. We have 
designed probes that can distinguish each of the Ave prevalent and related HPVfc that infect the 
anogenltol region. We have olso built subgenomic clones from which rlboprobes specific for 
individual mftNA species are generated in vitro. These probes reveal the. viral transcription 
patterns in serial sections of patient biopsies after In situ hybridization. Our studies on a spectrum 
of lesions ronglng from benign epithelial hyperproliferation to invasive carcinomas associated 
with HPV types 6. 11, 16. and 18 demonstrate that viral gene expression Is tightly linked to cellular 
differentiation. The most definitive parameter in characterizing the state of viral-host Interactions 
associated with the oncogenic HPV types 16 and 18 resides in the relative abundances of mRNAs 
from the E6-E7, E4-E5, and L1 regions. In low-grade lesions, all- are expressed, with the E4-E5 RNA 
being most abundant. As the severity of neoplasia Increases, the expression of E4-E5 ond L1 
decreases or becomes absent. Conversely, the E6-E7 region Is derepressed. On the bosls of this 
information, we propose d molecular mechanism for the derepression of the viral transformation 
genes. The recently described interactions between the viral transformation protein and the 
retinoblastoma (RB) anti-oncoprotein and perhaps others probably olso play key roles in the 
Initiation of viral carcinogenesis (Dyson et al. 1989 and this volume). 



Neoplasia of the uterine cervix has traditionally been 
classified according to histopathologic criteria (Patten 
1978; Koss 1979). Intraepithelial neoplasms appear to 
form a morphologic continuum, with clear evidence for 
progression through successively more severe stages to 
invasive cancer. Virtually all of these morphologic altera- 
tions have been consistently associated with one or 
more types of HPV infection. Nearly two dozen HPV 
types have been found in the anogenital tract. HPV types 
6 and 1 1 are most often associated with benign venereal 
warts (condylomata acuminata) in the lower genital tract 
and are also infrequently found in some carcinomas. In 
contrast, higher-grade intraepithelial neoplasia, car- 
cinomas in situ, and invasive carcinomas are associated 
primarily with HPV types 16, 18, 31, 33, and 35 (for 
review, see Pfister 1987). This paper describes molecu- 
lar studies of HPV transcription and regulation, relates 
them to tha transcription profiles observed in a spectrum 
of HPV- 16- and HPV-ie : aesociated genital tract lesions 
and proposes a molecular mechanism for HPV-induced 
carcinogenesis. 

1 Preterit address: Northwestern University School of Medi- 
cine, Department of Medicine, Infectious Diseases Unit, 
Chicago, Illinois 60611. 



The normal epithelium of the uterine cervix varies 
according to anatomic site. The fining of the endocervi- 
cal canal is a mucus-secreting, unstratified columnar 
epithelium. The ectocervix is covered by a stratified 
noncornified squamous epithelium. After puberty, the 
position of the squamo-colurnnar junction generally 
moves up the endocervtcal canal as glandular, epithelium 
becomes replaced by metaplastic squamous epithelium. 
This transformation zone, where active epithelial turn- 
over is most evident, is also the site for initiation of most 
of the epithelial neoplasms of the cervix. AIJ of the 
epithelial cell types are probably derived from a common 
pool of dividing multipotential reserve cells that can 
differentiate along a variety of paths, depending on 
regional stimuli (Coppleson and Re id 1967; Gould et al. 
1 979). In squamous mucosae, the dividing cell population 
is generally restricted to the basal and possibly parabas- 
al layers. A subpopulation of daughter cells are pushed 
up toward the surface. These cells undergo several 
successive changes in the expression of particular sub- 
sets of the keratin gene family (Moll et al. 1983). Such 
differentiation is reflected in the characteristic cellular 
morphology in a given epithelial cell layer. Under normal 
conditions in the ectocervix, the mature squamous mu- 
cosa does not have a well-defined granular or keratin 
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layer. The superficial squamous cells contain abundant 
cytoplasm and a small pyknotic nucleus and are the 
primary cells sloughed to the environment. In contrast, 
external cutaneous skin matures several steps further to 
produce a highly cornified surface layer. 

Papillomaviruses induce changes in differentiating 
epithelia. The most pathognomonic cell, often seen in 
productive infections, is called a koilocyte (koilo means 
cave), which has a large vacuole around the nucleus. 
The nuclei of koilocytes are almost always atypical in 
that they are enlarged and byperchromatic, with an 
associated increase in nuclear to cytoplasmic ratio. 
HPVs also induce architectural changes in the epi- 
thelium, including papillary hyperprol'rferation and epi- 
thelial thickening (acanthosis), thought to result from the 
enlargement of individual cells and from a delayed 
course of differentiation leading to the accumulation of 
excessive numbers of cells prior to desquamation 
(Steinberg 1966). These features are characteristic of 
the usually benign exophytic neoplasm, condyloma 
acuminatum of the vulva and vagina. However, in the 
cervix similar changes are more frequently associated 
with flat epithelial proliferations lacking papillary growth- 
Such "flat condylomas" are recognized as the earliest 
manifestation of a spectrum of cervical dysplasia (in* 
traepithelial neoplasia). Morphologic progression 
through the stages of dysplasia includes replacement of 
increasing proportions of the epithelium above the 
parabasal stratum with dividing cells that often exhibit 
nuclear abnormalities, such as increased numbers of 
mitoses, abnormal mitoses (aneuploidy), and multinu- 
cleated cells. There is concurrently a proportional de- 
crease in the frequency of koilocytes, presumably be- 
cause of the absence of the differentiation signals 
necessary for the production of viral cytopathic effects 
associated with late viral gene transcription. Dysplasias 
are graded as mild (cervical intraepithelial neoplasia 
grade I [CIN IJ). moderate (CIN II), or severe (CIN III) 
corresponding, respectively, to the replacement of one- 
third, less than two-thirds, or greater than two-thirds of 
the epithelium by basal-like cells. Classic carcinoma in 
situ of the cervix (also called CIN III) is recognized as a 
stage in which the entire epithelial thickness is replaced 
by primitive undifferentiated cells. 

Squamous carcinomas of the cervix generally arise 
from, or in association with, squamous intraepithelial 
neoplasms. They may have keratinizing, nonkeratinizing, 
or undifferentiated morphology," and may be composed 
of large or small cells exhibiting a range of individual cell 
differentiation. Adenocarcinomas of the cervix arise in 
glandular epithelium, often associated with a mor- 
phologic precursor, in situ adenocarcinoma. Small-cell 
undifferentiated carcinomas do not have a well-defined 
histogenetic precursor and frequently demonstrate 
neuroendocrine differentiation. They are analogous to 
small-cell carcinomas of the lung and are characterized 
by a particularly aggressive clinical course. The de- 
velopmental relationships among these three types of 
epithelial differentiation are not certain, but it appears 
that the reserve cell population is capable of differentiat- 



ing along all three directions. Initiation of neoplastic 
development could conceivably occur in a cell already 
committed to one of the differentiation paths. Alterna- 
tively, carcinogenesis may be initiated in a common 
multtpotent precursor cell, with the subsequent differen- 
tiation influenced by genetic and environmental events 
during tumor progression. Because tumors with mixed 
differentiation are not unusual, a common stem cell 
capable of multipotential differentiation is quite possible. 
We present some additional evidence based on patterns 
of HPV gene expression in favor of a common origin of 
these tumors. Similar patterns of histopathogenesis are 
recapitulated in other anatomical sites, including the 
male urogenital tract, the anal mucosa, and the nasal, 
laryngeal and respiratory mucosa, all of which have 
morphologically similar transformation zones and are 
subject to HPV infection. 

Papillomavirus genome structure, 
transcription, arid regulation 

Numerous human and animal papillomavirus genomes, 
have been cloned, and for some, their DNA 'sequences 
have been determined. They are a family of related 
double-stranded DNA viruses with circular genomes of 
approximately 7900 . bp that replicate as extrachro- 
mosomal plasmids in the nuclei of epithelial cells in 
benign lesions. Their genomes are^al! similarly organized 
into early and late open reading frames (ORFs) encoded 
by the same DNA strand (Fig, 1C). Immediately preced- 
ing the early ORFs is an upstream regulatory region 
(URR) or a long control region, which contains transcrip- 
tional enhancer elements, promoters, and DNA replica- 
tion control sequences (for review, see Broker and 
Botchan 1986). The early (E) region encodes trans* 
acting factors required for regulated, extrachromosomal 
replication (£1 ORF), enhancer activation and repres- 
sion (E2 ORF), and cellular transformation (E5, E6, and 
E7 ORFs). The viral caps id proteins (L1 and L2) are the 
products of the late region and are expressed in produc- 
tive lesions but not in transformed cells. 

In benign HPV-infected lesions, the viral DN As exist 
as extrachromosomal plasmids, mostly a6 monomeric 
circular molecules. However, in some but not all cancers 
associated with HPV-16, viral DNAe are found as mul- 
timeric circular molecules, sometimes with deletions 
(Durst et al. 1965; Choo et al. 1987; Smotkin and 
Wettstein 1987). In other cancers, viral DNA is inte- 
grated into host chromosomes (Durst et al. 1985, 1987; 
Matsukura et al. 1986; Shirasawa et al. 1986; Chop et 
al. 1987). Viral integration, when characterized, invari- 
ably disrupts the E2 ORF encoding the transcription 
regulatory proteins (Schwarz et al. 1985; Matsukura et 
al. 1966; El Awady et al. 1987; Baker et al. 1987; Choo 
et al. 1966). Naturally occurring malignant lesions ex- 
press viral E6 and E7 mRNAs (Smotkin and Wettstein 
1966; this paper). In addition, most long-established 
cervical, carcinoma cell lines, such as HeLa, SiHa, and 
CaSki, have been found to harbor integrated HPV types 
16 or 18 DNA from which the transforming E6 and E7 
regions are actively transcribed (Pater and Pater 1985; 
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Schwarz et al. 1985; Yee et al. 1965; Schneider-Gadic- 
ke and Schwarz 1 986; Baker et al. 1987). These obser- 
vations further strengthen the important relationship be- 
tween these HPV types and cervical neoplasia. 

Cellular transformation in vitro also has pointed to an 
active role for certain papillomavirus types in these 
processes. HPV-16 ONA immortalizes cultured primary 
foreskin keratinocytes or primary cervical cells in culture 
(Pirisi et al. 198?; Woodworth et al. 1988). HPV types 
16, 18, 31, and 33, but not HPV types 6 or 11, are 
capable of transforming primary baby rat kidney epitheli- 
al cells in collaboration with an activated .cellular on- 
cogene, Ha-ras (Storey st al. 1988), thus mimicking the 
multistep carcinogenesis experiments described by 
Land et al, (1983). HPV-16 also inhibits the ability of 
primary keratinocytes to differentiate when cultured on 
collagen rafts at the air-media interface (Asaelineau and 
Prunieras 1984; Kopan et al. 1987)! inducing mor- 
phologic transformation that mimics CIN (McCance et 
al. 1988). In such experimental systems, the trans- 
formed phenotype is not apparent until the cells have 
been passaged many generations, again suggesting the 
need for additional genetic events. The major trans- 
formation gene of HPV-16 is E7 (Phelps et al. 1988; 



Storey et al. 1988). The E7 protein has been identified in 
cervical carcinoma cell lines (Smotkin and Wettstein 
1988) and in transformed rodent cells (Banks and Craw- 
ford 1988).- Recently, a homology between the HPV E7 
protein and other viral and cellular oncogenes has been 
recognized (Phelps et al. 1966). Moreover, these pro- 
teins form complexes with the recently characterized RB 
anti-oncoprotein (Lee et al. 1987; DsCaprio et al. 1988; 
Whyte et al. 1988; Dyson et aL 1989 and this volume)! 
suggesting the interaction between E7 and RB proteins 
could play a role in HPV-induced maligant transforma- 
tion. It is not known whether these observations are 
related to the elevated c-m/c and c-ras expression in 
some cervical carcinomas (Riou et al. 1985). 

RNA transcription and regulation 
We have characterized the structures of HPV types 6 
and 1 1 mRNAs by electron microscopy of RNA:DNA 
heteroduplexes (Fig, 1B) (Chow et al. 1987a) and those 
of HPV types 11, 16, and 18 by cDNA analysis (Naeeeri 
et al, 1987; M.O. Rotenberg et al., in prep.; D. Palermo- 
Dilts et al., unpubl.). The critical polycistronic E2 mRNA 
on which this study is centered originates from a highly 
conserved TATA motif at the beginning of the early 
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region, the E6 promoter, which is characteristic of a|l 
HPVs trophic for the genital tract. It spans the E6 and E7 
ORFe and, shortly into the E1 ORF, is spliced to a site 
just upstream from the E2 ORF and continues to the 
early polyadenylation site just downstream from the E5 
Q^p (pig iB, a). Although encoded by the third major 
ORF in the spliced message, the E2 protein is synthe- 
sized in various mammalian cell lines (M.O t Rotenberg 
et al., in prep.)- An E2-C mRNA (Fig. IB, g) derived 
from a promoter in the middle of the El ORF has a short 
5' exon With the initiation codon spliced to a major exon 
coding for the carboxy-terminal half of the E2 ORF 
(E2-C). Similar mRNAs for HPV-1 6 and HPV-1 8 are 
predicted based on genomic DNA sequence homology 
and conservation of splice sites and coding capabilities. 
Multiple forms of E2 proteins have also been reported 
for bovine papillomavirus type-1 (Lambert et al. 1987; 
Hubbert et al. 1988). Both E2 and E2-C proteins reg- 
ulate the enhancer and E6 promoter (Spalholz et al. 
1985; Hirochika et al. 1987; Lambert etal. 1687; Phelps 
and Howley 1987; Chin et al. 1988 and in prep.). We 
have dissected the HPV-1 1 regulatory sequences in the 
URR and have shown that it consists of three compo- 
nents, a set of sequences responsive to E2 or E2-C 
proteins (E2-RS). a constitutive enhancer I (CEI), which 
has no cell-type specificity, and a constitutive enhancer 
II (CEII). which functions only in epithelial cells of human 
origin (Fig. 2) (Hirochika et al. 1987; Chin et al. 1988 
and in prep.). We and other investigators (Androphy et 
al. 1987; Giri and Yaniv 1988; McBride et sJ. 1988; 
Moskaluk and Bastia 1988) have shown that the DNA- 
binding domains of E2 and E2-C proteins of human and 
animal papillomaviruses are in the common carboxy- 
terminal portions. Each recognizes the E2-RS with a 
sequence motif ACCN a GGT, which occurs several 
times in the URR of all papillomavirus types, both human 
and animal, accounting for enhancer regulation by 
heterologous E2 proteins (Hirochika et al. 1987). In the 
mucosotrophic HPVs, iwo tandem copies (Fig. 2, nos. 3 



and 4) of the E2-responsive sequence immediately pre- 
cede the E6 promoter TATA motif, and a third copy (Fig. 
2, no. 2} Is further upstream near CD. Purified HPV-1 1 
E2 and E2-C proteins expressed in Escherichia co// can 
bind to each copy, and their DNAse I footprints extend 
beyond the core motif (Chin et al. 1986; Hirochika et al. 
1988). When the tandem E2-responsive sequences 
(Fig. 2, nos. 3 and 4) are occupied in the absence of 
CEII, E2 protein acts as a transcriptional repressor 
rather than as an activator (M.T. Chin et al M in prep.), 
presumably because most of the TATA motif is occluded 
and unable to bind host transcription factor TFIID 
(Sawadogo and Roeder 1985). If the TATA motif is 
located further away from E2 responsive sequences, as 
it is in the human and animal papillomaviruses trophic for 
cutaneous skin or in recombinant plasm id 6 containing 
the HPV URR linked to the SV40 promoter, the full- 
length E2 protein acta as a transcriptional trana- 
activator (Thierry arid Yaniv 1987; Chin et al. 1988). The 
unique amino-terminal portion of each of the full-length 
E2 proteins has a highly conserved amphipathic, acidic 
a-helical domain analogous to those of many prokaryotic 
and eukaryotic transcription factors and is believed 
essential for protein-protein interactions in the formation 
of active transcription complexes. E2-C proteins invari- 
ably act as repressors, presumably by competing for 
E2-responsive sites without bringing in the activating 
domain (Cripe et al. 1987; Lambert et al. 1987; Chin et 
al. 1988). 

The incorporation of tandem copies of synthetic CEII 
sequences 38-bp long into a URR deletion mutation 
lacking the native CEI and CEII partially abrogates E2 
repression of the E6 promoter (M.T. Chin et al. v in 
prep.). Similarly, multiple copies of a restriction frag- 
ment containing CEI also overcome the E2 repression 
and constitute a strong E2-independent enhancer in 
different cell types (Hirochika et al. 1988; M.T. Chin et 
al., in prep.). In cervical carcinoma cell lines, we have 
identified a — 44,000-dalton protein that binds to CEII. 
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' Figure 2 Regulation of early region transcription of HPVa trophic for the genital tract. Most of the features are known from studies of 
HPV-1 1 (Chow et al. 1087a; Hirochika et al. 1087, 1086; Chin at al. 1066 and in prep.). Cellular enhancer element* I (constitutive) 
and II (epithelial cell opecific) vary among HPV types. HPV types 6, 11, 16, 18, 31. 33. and 7 all have tandem E2-responsive 
sequences (copies 3 and 4 for HPV-1 1, used as a model here) adjacent to trie EB prompter TATA motif and have another (copy 2) near 
the cellular enhancer elements. The structures of the polyciatronic E6-E7"E2-E5 and the E2-C-E5 mRNAa are shown. Both encode 
the carboxy-terminal ONA-binding domain of the E2 proteins, but only the full-length E2 transcript specifies the ammo-terminal 
activation domain. The positive and negative effects of various host ana* viral transcriptional regulatory proteins are indicated by + and 
— /respectively, with tho E2 protein being the key to the feedback circuit. The thin lino in each mRNA represents an intron. 
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Although we have found that purified E2 and E2-C 
proteins expressed in E. coli have essentially equal 
affinities for the different copies of the E2-RS in the 
absence of other cellular factors, we speculate that E2 
protein may preferentially bind to E2-RS 2 (Fig. 2) in 
association with these host factors, leading to the acti- 
vation of the E6 promoter. Upon continued expression of 
the operon, we propose that E2 protein levels rise to a 
concentration sufficient to occupy E2-RS 3 and 4 (Fig. 
2), blocking the TATA motif and down-regulating its own 
production to a low, steady state. In doing so, we 
believe that £6, E7, and possibly E5 transforming prb- 
. tein concentrations are also controlled. We also pos- 
tulate that this feedback mainly occurs in the less dif- 
ferentiated basal and parabasal cells in which the CEI- 
and CEll-binding proteins might be limiting, thus pre- 
venting premature killing of the infected stem cells. This 
autbregulation is presumably overcome by increased 
concentration of these host factors in the differentiated 
keratinocytea, allowing the virus to proceed into produc- 
tive infection. Such coordinate positive and negative 
feedback regulation is a hallmark of the bacteriophage X 
repressor gene and of the E. coli arabinose operon t for 
instance, but this would appear to be one of the first 
candidates in a eukaryotic transcription unit. The balanc- 
ing role played by E2-C repressor, in this regulation is 
not yet clear. E2 proteins expressed in £. coli form 
dimera, including E2:E2-C heterodimers (McBride et al. 
1086), potentially adding another level of fine tuning that 
can only be evaluated when regulation of the E2*C 
promoter is understood. 

in situ hybridization 

Exploration of the association between viral gene ex- 
pression and. cellular differentiation demands the ability 
to discern topographical differences of transcriptional 
activity in the context of tissue morphology. Such infor- 
mation is invariably lost by mass tissue analysis. The 
amount of tissue necessary for such biochemical analy- 
sis is relatively large and is further complicated by the 
number of viral types, viral genes, and host genes that 
need to be examined. Furthermore, pathological exami- 
nation cannot be performed on the same tissue that is 
analyzed biochemically. In situ hybridization is the only 
technology that can address each of these problems. It 
, permits the sensitive detection of specific mRNA and 
DNA sequences in recent and archival, formalin-fixed 
biopsies, while preserving the histology of the tissue and 
revealing the exact cellular and subcellular location of 
the sequences under study. Over the past 3 years, these 
methods have bean increasingly utilized to address the 
molecular association of HRVs with neoplasia, as well as 
being recognized as one of the most powerful diagnos-. 
tic and research tools available in anatomic pathology. 

HPV cross-reactive and type-specific probes 
We have described previously DNArDNA heteroduplex . 
mapping of genital HPVs and shown that the Li ORFs 
are the most highly conserved regions, whereas the E6 
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region and the URR-E6-E7 segment are most unique to 
each type (Broker and Chow 1086; Chow et al. 1967b). 
On the basis of these data, subgenomic probes that can 
either serve as papillomavirus group cross-reactive 
probes or as type-specific probes were designed and 
confirmed by application to Southern transfer blots of 
DNA prototypes (Chow et al. 1967b; see also Manos et 
al. v this volume). Single-stranded RNA probes gener- 
ated from these clones were used to examine a wide 
variety of patient biopsies by in situ hybridization to 
conventional formalin-fixed, paraffin -embedded serial 
sections with a high sensitivity of detection. They gener- 
ally reveal foci of infection by a single HPV type, but 
occasionally two types may be present, usually coinfect- 
ing the same clusters of cells, as though one of the 
viruses may provide a helper effect for the other. 

An example of cross-reaction of RNA probes corre- 
sponding to the whole viral genomes of the closely 
related HPV- 16 and HPV-31 (Lorincz et al. 1986; Chow 
et al. 1987b) is shown in Figure 3. Even at - 5°C, 
HPV-31 whole genomic probes yield a weak positive 
signal with HPV>16 RNA present in a biopsy of a CIN I. 
When a subgenomic probe of HPV-16 from the relatively 
unique URR-E6-E7 region was used, a strong signal 
was maintained, whereas an HPV-31 E2-C-E5-L2-N 
type-specific probe did not cross-react. Similar type- 
specific RNA probes of HPV types 6, 1 1 , 16, 18, and 31 
(Chow et al. 1967b; M. Stofer et al M in prep.) have been 
used to identify and type papillomaviruses in a large 
number of lesions using in situ hybridization. This paper 
focuses on lesions containing HPV-16 and HPV-16. 

HPV-16 mRNA expression revealed by In situ 
hybridization with exon-speclflc probes 
There is only limited information on the precise struc- 
tures of HPV-16 rnRNAs, predominantly from Si nu- 
clease mapping, of E6-E7 early region transcripts recov- ' 
ered from CaSki cells (Smotkin and Wettstein 1986), a 
cervical carcinoma cell line known to contain several 
hundred copies of full-length HPV-16 DNA integrated in 
tandem into several host chromosomes. Nonetheless, 
the similarity of genomic organization of all papillomavi- 
ruses and the conservation of splice donors, splice ac- 
ceptors, and polyadenylation sites evident in the HPV-16 
DNA sequence suggest that the mRNA structures are 
likely to be analogous to transcripts of HPV types 6 and 
1 1 (Chow et al. 1967a). The exception is the presence 
of small introns in the E6 transcripts of HPV-16 and 
HPV-18as well (Schneider-Gadicke and Schwarz 1986; 
Smotkin and- Wettstein 1986). Using polymerase chain 
reactions on cDNAs prepared from RNA isolated from 
CaSki cells, we have identified a common splice donor 
(nt 226) and two alternative splice acceptors (nt 409 and 
nt 526) in HPV-16 transcripts. Both species lead to 
truncation of E6 protein by changing into reading phases 
closed shortly after the splice acceptor she (D. Palermo- 
Dilts et al., unpubl.). ' 

We have cloned subgenomic regions of HPV-16 cor- 
responding to the anticipated mRNA exons (Fig. 1A). 
These were placed in dual promoter vectors from which 
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Figure 3 HPV-16 type-specific probee. 3 H -la be led antisenso riboprobe* complementary to viral RNA were generated from fulMength 
genomic HPV-16 or HPV-31 DNA or from a subgenomic HPV-16 URR-E6-E7 (nt 7466-664) or subgenomic HPV-3V fragment 
spanning the region from E4/E2-C through Ihe amino-terminal portion of the L2 ORf (nt 3362-4584). They ware hybridized to 
adjacent sections of a biopsy, diagnosed as CIN I. The sections exhibit HPV RNA signals When either whole genomic probe was 
employed. In contrast! only the HPV-16 RNA signals are evident when subgenomic, typo-epocific probes were applied. 



either sense-strand or antisense-strand RNA probes can 
be generated by in vitro transcription. Tritium -labeled 
sense-strand RNA probes can be hybridized to dena- 
tured viral DNA in lesions without risk' of confounding 
hybridization to viral mRNA of the same polarity. Con- 
versely* 3 H -labeled antisense RNA will anneal with high 
efficiency and specificity to viral RNA in samples not 
subjected to prior denatu ration of the DNA. Thus, the 
DNA and RNA distributions in specimens can be clearly 
distinguished. 

Serial sections of biopsies of various cervical dys- 
plasias and carcinomas were processed for in situ hy- 
bridization to probe for viral DNA or RNA, as described 
previously (Stoler and Broker 1986). Sections were first 
screened with HPV types 6. 11, 16, 18, and 31 type- 



specific probes! Hybridization was for 12—16 hours at 
r m T25°C; excess probe was eliminated by digestion 
with ribonuclease and high-stringency washing at T m 
— 5°C. Sections were overlaid with liquid photographic 
emulsion and autoradiography for 4 weeks. Following 
development, the slides were observed and photo- 
graphed by dark-field illumination, which produces 
dramatic light scattering from 9 H -exposed silver grains 
and hence increases the sensitivity of detection. Signals 
are localized to the nucleic acid source: DNA and RNA 
precursors or processing by-products are in the nuclei, 
whereas mRNAs are predominantly in the cytoplasm. 

Specimens containing HPV-16 that are described 
here include one case of koilocytotic atypia/CIN I, one 
case of CIN III, a set of three biopsies from a single 
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patient (representing squamous carcinoma in situ and 
endocervical adenocarcinoma in 6itu from a cone biop- 
sy, as well as invasive adenoaquamous carcinoma in the 
uterine corpus) and a second invasive squamous car- 
cinoma. Together, these represent a nearly complete 
pathological spectrum. A eet of eerial sections of each 
specimen were challenged with roRNA exon-specrfic 
probes specific for E6-E7, E1, E2, E4(E2-C)-E5 ( L2 and 
Li ORFs. The amounts of probes uaed w er^nbrm^lized 
a^c^rdinaJo_^ize ^so t hat the si gnal intensities represent 
relative copy q yrnhfirft tKa ♦or^t: RM A .* pedes. Re- 
gions of each slide showing. the same histological fea- 
tures were photographed and also semiquantitativeiy 
evaluated by photodensitometry of light spattering. One 
section of each specimen was hematoxylin plus eosin 
stained for histopathological evaluation.. A subset ofthe 



autoradiographs from this study are presented in Fig- 
ures 4, 5, and 6. 

All early as well as late exons were abundant in the 
CIN I, with a distribution identical to that typically seen in 
HPV-6- or HPV-1 1 -associated vulvar condylomas (M. 
Stoler et ai., in prepi). E6-E7 and E4-E5 exon signals 
first appeared just above the basal cell layer of the 
epithelium (Fig. 4B t E). There was a dramatic increase in 
signal inteneity in the more differentiated keratindcytes. 
This is the same transition point where viral DNA copy 
(replication) also becomes* abundant (data not shown). 
One clear and perhaps significant difference between 
this HPV-1 6 CIN I and HPV-6 and HPV-1 1 vulvar con- 
dylomas is that the HPV-1 6 E4-E5 exon signal is only 
2-3 times more abundantjt han theE6-E7 exon signal, 
wherea s it is 10— 20 tima s_ more abTrnBarTf tn HPV-6 and 






- - •» ' * "Vr * - *- t . 




Rnure 4 HPV-1 6 eion-specific probes of CEN I. (A) Hiatopathology (H A E slain), showing low-grade dysplasia and auperficial 
koilocytea, visualiied in bright-field. (B-G) Dark-field visualization of exposed silver grains biops.es ^jected^to in e.ru 
hvbridiiaiion with 3 H-labeled antisenso RNA probes. Basement membranes are marked w,th arrows. (B) E6-E7; (C) El; (D) E2 (note 
the nuclear localization of signals in C and 0, presumably residual intronfi and primary transcnpls); (£) E4-E5; (F ) L2; and (G ; L1. 
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Figure 5 HPV-16 «xon*specific probes of invasive adenoequamous carcinoma of the -uterine. corpus. [A) Histology; (5) E6-E7; (C) 
E4-E5; and (£>) LI. 



HPV-1 1 infections. This might suggest that the putative 
promoter immediately preceding the Ei ORF of HPV-16 
is less active than that of HPV-6 and HPV-1 1. As with 
HPV-6 and HPV-1 1, the E1 and the E2 signals were 
almost exclusively nuclear (Fig. 4C.D). We attribute 
these to unprocessed primary transcripts and to residual 
intron material derived from the E6-E7*E4-E5 or E6- 
E7*E2-E5 mRNAs. Cytoplasmic signals from E1 or E2 
were low or negligible- Cytoplasmic L2 and L1 ORF 
signals emerged only in the highly differentiated superfi- 
cial strata (Fig. 4'F.G), consistent with their synthesis as 
late messages encoding structural proteins. Occasional 
nuclear L2 and L1 signals in mid-epithelium may repre- 
sent the 3' run-on of early transcripts processed at the 



early polyadenylatiori site or perhaps are precursors to 
late messages. The tissue, though typically hyper- 
proliferative, showed full differentiation into stratified 
epithelium as well as koilocytotic atypia indicative of a 
HPV cytopathic effect 

The higher grades of lesions exhibited dramatically 
less viral transcription and also were much more re- 
stricted in cellular differentiation. Nonetheless, it is im- 
portant to recognize that the amounts of viral RNA for 
the degree of differentiation were of similar or higher 
abundance compared with RNA concentrations in the 
basal and parabasal cells of equivalent differentiation in 
the ON L These observations are critical to the pro- 
posed mechanisms of HPV carcinogenesis to be de- 




Figure 6 HPV-16 exon -a pacific probes of invasive squamous carcinoma of the cervix. (A) Histology; (8) E6-E7; (C) E4-E5; and (D) 
■LI. • 
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scribed. As might be anticipated, based on a require- 
ment for terminal differentiation late RNA (L2 and L1) 
was generally not made in any of the higher-grade 
lesions. The ON HI exhibited modest amounts of E6-E7. 
and E4-E5 exons in the cytoplasm and proportionally 
lower E1 and E2 signals in the nuclei (data not shown). 
L2 and L1 exbns were absent. Similarly, the histological- 
ly distinct squamous carcinoma in situ, adenocarcinoma 
in situ, and invasive adenosquamous carcinoma from a 
single patient all had the same exon transcription pat- 
terns, suggestive of a clonal origin for these tumor 
types. Within this set of specimens and others we have 
investigated, E6-E7 signals were clearly more abundant 
than E4-E5 signals (Fig. 5). One interpretation is that 
some of the viral DNAs are integrated near the E1/E2 
junction, dissociating the E2-E4-E5 region from their 
promoters, whereas others remain episomaL As de- 
scribed above, we believe that the full-length E2 protein 
in the lass-differentiated cells acts both as an activator 
and as a repressor for the E6 promoter. Upon deletion or 
disruption of the E2 and*E2-C genes, the E6 promoter 
would be derepressed, which could account for the 
higher relative E6-E7 transcription compared with E4-E5 
transcription. Consistent with this hypothesis was our 
finding of a purely integrated pattern of jgene expression 
that exhibits substantial levels of E6-E7-E1 signals but 



no E2-E4-E5, L2, or L1 signals (Fig. 6 and data not 
shown) in a second case of invasive cancer. 

We have noticed in several similar cases that the LI 
exon is anomalously expressed, despite the absence of 
E4-E5 and L2 signals. We infer that the U RNA (Fig. 
IB, i) did not arise from its usual promoter, but rather 
from an upstream host gene promoter, and is part of a 
transcript that either runs into the integrated HPV DNA 
or is spliced to the L1 acceptor site, termination would 
be expected at the L1 polyadenylation signal. This sug- 
gestive evidence for a host'Ll fusion transcript could 
also provide an explanation for the successful process- 
ing of the E6-E7 messages initiated from integrated 
viral genomes. They, like most eukary otic messages, 
probably require splicing for transport to the cytoplasm 
and polyadenylation for stability. We speculate that the 
presumptive, interrupted host cell gene downstream 
from the integrated viral genome provides the 3' exon (a) 
and the polyadenylation signal allowing the completion 
of a E6-E7"host fusion transcript In brief, it seems as 
though the HPV DNA integration event leading to car- 
cinogenic progression may require the chance insertion 
into a class of genes that is expressed in epithelial cells. 
This proposal is being tested experimentally. 

HPV- IB-associated lesions have also been examined 
with analogous HPV-18 exon-epecific probes (Fig. 7). 




Figure 7 HPV-1 8-associated carcinomas. Bright-field and dark-field pairs are shown. Following identification with type-specific 
probes wholo genomic anlisense probes were used for greater sensitivity. In each tumor, the total RNA signals are located in 
invading epithelial callB surrounded by negative stromal fibroblasts. (A,8) Squamous carcinoma of tho oxocervix; (C t D) adenocar- 
cinoma of the endocervtx; small-cell neuroendocrine carcinoma of the endocarvix. 
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One case of an HPV-18 ClN I expressed all early and 
late mRNAs (C. Rhodes el al., linpubl.). HPV-1 & has 
previously been . found predominantly in adenocar- 
cinomas and adenosquamous carcinomas (Tase et al. 
1988; Wilczynski et al. 1988). We have recently discov- 
ered that small cell- neuroendocrine carcinomas are 
highly correlated with the presence and expression of 
HPV-18 genes (M. Stoler, unpubl.}. All carcinomas exhib* . 
ited a transcription pattern indicative of integration (C. 
Rhodes et al., unpubl). The absence of cases with full 
early region transcription (particularly the E2-E4-E5 re- 
gion) analogous to some of the HPV-16 ClN III or 
carcinomas, points to a high probability of rapid HPV-18 
DNA integration and loss of the E2-E4-E6 genes, this is 
entirely consistent with the more aggressive nature of 
HPV-18 carcinomas relative to those containing HPV-16 
DNA (Kurman et al. 1988). 

Summary model of HPV carcinogenesis 
On the basis of the described transcriptional and regula- 
tory data from experimentation in vitro and in vivo, we 
propose the following molecular mechanism for HPV 
carcinogenesis. One' of the key elements to the model is 
that the E2 transcription regulatory protein is translated 
from a polycistronic transcript that is derived from the 
E6 promoter and that also encodes several transforma- 
tion proteins from the E6 and E7 ORFs. Low levels of E2 
protein, in association with host transcriptional factors, 
can up-regulate transcription from the E6 promoter. We 
hypothesize that the expression of such host factors 
depends on the state of cellular differentiation. In the 
mucosotrophic papillomaviruses, a tandem pair of E2 
and E2-C protein-binding sites are located adjacent to 
the E6 promoter TATA motif, which is partially occluded 
by binding of either E2 protein. Such interference even- 
tually overcomes autostimulation and down-regulates 
the production of the polycistronic message, providing 
feedback control to E2 and the viral transforming pro- 
teins. This balance leads to a low level of viral mainte- 
nance in relatively undifferentiated keratinocytes. As the 
epithelium differentiates, increases (or other changes) in 
host regulatory proteins, for instance in factors like CEI- 
and CEI I -binding proteins that can overcome E2 repres- 
sion, may relieve the negative regulation and lead to high 
levels of early transcription and to viral DNA replication. 
Increased gene dosage results in higher viral gene 
expression and the chance for breakthrough to late gene 
expression and virion production, that cellular trans- 
formation does not occur at this stage can be attributed 
to the fact that these differentiated cells have already 
lost the ability to divide. In some rare events, the steady 
maintenance state in the infected stem cells is dis- 
rupted. Mutations in the HPV URR or stimulation by 
other viruses could up-regulate viral early gene expres- 
sion. Alternatively, mutations in viral genes required for 
autonomous replication or mutagenic events resulting in 
viral and' host DNA breakage may lead to integration. 
When integration interrupts the expression of the E2 
proteins, the viral transformation proteins would be de- 
repressed, provided the integration happened to occur 



into active chromatin In a genetic region that could 
provide downstream RNA splice and polyadenylation 
sites. In such cases, the dividing basal and parabasal 
cells would be subject to unusual and excessive 
amounts of these transforming proteins. Excessive E7 
protein stoichiometrically could sequester the R8 gene 
product (Dyson et al M this volume) and perhaps other 
anti-oncoproteins and release the cells from controlled 
growth, initiating carcinogensis. Clearly, there are 
numerous untested aspects of this proposal, but a tan- 
talizing profile of many of the components has been 
provided through efforts in a number of laboratories 
studying RNA transcription and processing, enhancer- 
promoter regulation, protein structure and function, and 
gene expression in relation to tissue pathogenesis. 
Without doubt, there are other critical host cell-virus 
interactions essential for initiation and maintenance of 
the transformed state and for invasion and metastasis, 
which will also be the subject of future observation and 
experimentation. 
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Molecular events in uterine cervical cancer 
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Objective: To review the literature regarding the molecular events which occur in the develop- 
ment of uterine cervical cancer, with particular reference to human papillomavirus (HPV) infec- 
tion. 

Methodology: Bibliographic searches of Medline and the ISI citation databases using appropri- 
ate keywords, including the following: papillomavirus, cervix, pathology, cyclin, chromosome, 
heterozygosity, telomerase, smoking, hormones, HLA, immune response, HIV, HSV, EBV. 
Conclusions: It has become clear that most cervical neoplasia, whether intraepithelial or inva- 
sive, is attributable in part to HPV infection. However, HPV infection alone is not sufficient, and, 
in a small proportion of cases, may not be necessary for malignant transformation. There is 
increasing evidence that HPV gene products interfere with cell cycle control leading to secondary 
accumulation of small and large scale genetic abnormalities. This may explain the association of 
viral persistence with lesion progression but, in many patients, secondary factors, such as smok- 
ing and immune response, are clearly important. However, the mechanisms involved in the inter- 
action between HPV and host factors are poorly understood. 
(Sex Tnmsm /«/ 1998;74:101-109) 
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Introduction 

Human papillomaviruses (HPV) have been 
identified as the major aetiological factor in 
cervical carcinogenesis. 1 Epidemiological evi- 
dence indicates that the majority of cervical 
neoplasia is attributable to HPV infection but, 
although certain HPV genes are capable of 
immortalisation and can cooperate in the proc- 
ess of transformation, not all non-invasive 
lesions progress to the full malignant pheno- 
type indicating that other cofactors are 
required. 2 This review considers the molecular 
biology of cervical neoplasia, particularly that 
of the HPVs, the interaction of HPVs with epi- 
thelial cells, and the influence of possible asso- 
ciated cofactors. The combination of such fac- 
tors leads to a consortium of molecular events 
involved in the evolution of intraepithelial and 
invasive disease (see fig 1). 

Human papillomaviruses and cervical 
neoplasia 

VIRAL STRUCTURE 

Papillomaviruses are small DNA viruses ap- 
proximately 55 nm in diameter. Mature viral 
particles have an icosahedral outer capsid coat 
composed of two structural proteins. One of 
these (the LI protein) comprises 80% of the 
total viral protein, and has a relative molecular 
mass (M,) of 53 000-59 000. The other (the 
L2 protein) is a minor component, and has a 
of 70 000. Contained within the capsid is 
the viral genome which is a double stranded 
circular DNA approximately 7.9 kilobases (kb) 
in length.' The molecular organisation is simi- 
lar for all 78 different types of HPV which have 
so far been isolated. Each genome can be 
divided iato early (E) and late (L) regions, 
containing seven early and two late open read- 
ing frames (ORFs), and a non-coding region, 
referred to as the upstream regulatory region 
(URR). Expression of the early genes occurs at 



the onset of infection, and the products of these 
genes mediate specific . functions controlling 
viral replication and, in the case of the 
oncogenic viruses, cellular transformation. The 
El gene is involved in j viral replication and 
genome maintenance. 4 The E2 gene is a 
transcriptional regulator 5 and is also involved in 
viral DNA replication. 4 The E4 gene encodes 
several proteins which disrupt the cytoplasmic 
keratin network.* This produces the classic 
cytoplasmic halo effect known as koilocytosis. 
The E5 gene may play a role in cellular trans- 
formation by its interactions with cell mem- 
brane growth factor receptors. 7 The E6 and E7 
genes, which lie immediately downstream of 
the URR, encode the major trarofomiing pro- 
teins which are capable, under appropriate 
conditions, of inducing cell proliferation, im- 
mortalisation, and transformation. 1 Finally, the 
LI and L2 ORFs encode for the viral protein 
coat and are activated towards the final stages 
of the viral cycle, and hence within superficial, 
terminally differentiated cells.* The LI gene is 
frequently used for HPV typing* 10 and encodes 
the common papillomavirus antigen which is 
targeted by antibodies used in the immuno- 
histochemical detection of productive HPV 
infection. 

CLASSIFICATION OF HPVS 

HPVs were originally classified according to 
their degree of solution phase homology." With 
the advent of widespread polymerase chain 
reaction (PCR) amplification and sequencing, 
classification is now usually based on partial 
sequencing of 399 bp in the E6 region and/or 
291 bp in the LI region of the virus. 12 A new 
HPV type is assigned when there is less than 
90% homology with other previously typed 
HPVs, a subtype being 90-98% homologous 
and a variant >98%.'" A number of phyloge- 
netic trees have been generated using this 
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Figure 1 Schematic overview of the human papillomavirus (HPV) associated molecular 
events involved in cervical carcinogenesis (CIN = cervical intraepithelial neoplasia). 

system but a more recent classification of 
HPVs based on clinicopathological associa- 
tions as well as genetic structure gives a better 
view of both functional and genetic 
properties." This system provides a more 
robust basis for the investigation of clinical 
associations and biological properties of these 
viruses. For example, recent studies have dem- 
onstrated not only that HPV 16 variants are 
widely prevalent in cervical cancers 14 but also 
that such variants differ in their ability to inter- 
act with host cell mechanisms. 15 

CLINICAL ASSOCIATIONS OF HPV GENOTYPES 

Molecular cloning of viral nucleic acids, ampli- 
fication by PCR and sequencing have demon- 
strated over 78 different HPV genotypes, at 
least 30 of which have been detected in the 
genital tract. 15 " These HPVs have been 
divided into low, intermediate, and high risk 
types according to their segregation with the 
different grades of intraepithelial and invasive 
disease. Low risk HPV types (for example, 
HPV 6, 11, 40, 42, 43, 44) are usually 
associated with benign exophytic genital warts. 
HPV 6 and 1 1 are present in over 90% of con- 
dylomas, with about two thirds of these 
containing HPV 6 and one third HP V 1 1 . They 
are also associated with low grade squamous 
intraepithelial lesions (S£Ls) (wart virus 
change and CIN 1) but are only rarely found in 
high grade SILs (CIN 2 and 3) and invasive 
carcinomas. By contrast, intermediate (par- 
ticularly HPV 31, 33, 39, 52, and 58) and high 
risk (HPV 16, 18, 45, and 56) HPV types are 
associated with "fiat** condylomas, all grades of 
SIL and invasive carcinoma. 17 18 The concept of 
high, intermediate, and low risk HPV is 
supported by many epidemiological case con- 
trolled studies which have collectively shown a 
consistent association between high and inter- 



mediate risk HPV and high grade cervical dis- 
ease. In a worldwide study of more than 1000 
specimens from patients with invasive cervical 
cancer HPV DNA was identified in 93% of 
tumours. HPV 16 was present in 50% of the 
specimens, HPV 18 in 14%, HPV 45 in 8%, 
and HPV 31 in 5%. In squamous cell tumours 
HPV 16 predominated (51%) but HPV 18 was 
the commonest type found in adenocarcino- 
mas (56%) and adenosquambus tumours 
(39%)." Another study involving cervical 
specimens from 2627 women showed HPV 
present in 79.3% of women with definite cervi- 
cal neoplasia (627 of 791) and in 23.7% of 
patients with borderline atypia. Low risk HPV 
(HPV 6, 11, 42, 43, and 44) was present in 
20.2% (76 of 377) of low grade lesions but 
absent in all cancers. Intermediate risk HPV 
(HPV 31, 33, 35, 51, 52, and 58) was detected 
in 23.8% (62 of 261) of high grade lesions but 
in only 10.5% (1 6 of 153) cancers. HPV 1 6 was 
associated with 47.1% of both high grade SILs 
(123 of 261) and cancers (72 of 153) and HPV 
1 8, 45, and 56 were found in 26.8% (41 of 1 53) 
of invasive carcinomas but only 6.5% (17 of 
261) of high grade SIL." 

The risk of progression from low grade to 
high grade SIL is greater in patients with 
persistent HPV infection, 20 21 and in those with 
high viral load 20 suggesting that prolonged 
exposure to viral effects is important in the 
pathogenesis of cervical disease. Whether this 
is related to viral factors, such as sequence 
variation, or is a reflection of host factors, such 
as immune status, remains to be determined. 

Recently, a PCR based method for determin- 
ing clonality has shown a strong correlation 
between HPV type and clonal status. Morpho- 
logically low grade SILs could be classed into 
two biologically distinct lesions. That associated 
with HPV types 16, 18, 31, 33, 35, 39, 45, 56, 
58, or 65 was monoclonal indicating clonal 
expansion of infected keratinocytes, while mat 
associated with other HPV types was polyclonal 
and probably represents non-neoplastic virally 
induced proliferation. 22 Whether the distinction 
between monoclonal and polyclonal HPV infec- 
tion gives information additional to morphology 
and HPV type remains to be determined. 

PATHOLOGY OF HPV INFECTION 

HPVs are epitheliotropic by nature, infecting 
the cervical squamous epithelium possibly 
through small abrasions in the tissue. The 
ensuing virus life cycle is then closely linked to 
keratinocyte differentiation. In the proliferating 
basal epithelial cells, thought to be the site of 
initial infection, the viral genome is maintained 
as a low copy episome." As the keratinocyte 
undergoes progressive differentiation, viral 
genome amplification and gene expression 
increase until late "L" gene expression and 
virion production occur in the terminally 
differentiated superficial cells. This form of 
infection leads to koilocytosis, nuclear enlarge- 
ment, dyskeratosis, multinucleation, and in 
some cases low grade SIL. Such lesions may 
regress, persist, or progress. 

A second form of infection (non-permissive 
transformable infection) occurs when viral 




replication and vegetative viral production does 
not occur and may be found in both squamous 
and glandular tissue; infection of reserve cells 
which are committed to glandular differentia- 
tion and which do not allow permissive 
infection results in either aborted or non- 
pennissive transformable infection. Viral DNA 
persists as either an extrachromosomal element 
or by integration into the host DNA as a single 
copy or multiple head to tail tandemly repeated 
copies at many chromosomal fragile sites. 34 
The site of integration into the host genome 
does not appear to be consistent! although late 
replicating regions are targeted, 25 suggesting 
that structural and functional factors may be 
important. The viral breakpoint is more 
consistent as integration often causes disrup- 
tion of the viral E2 gene in a manner that 
results in loss of function. 26 Moreover, disrup- 
tion of either the El or E2 gene can lead to 
enhanced immortalisation capacity. 27 Viral in- 
tegration also precludes late gene expression, 
even if the late genes are retained in the 
integrated. viral genomes. 28 The mechanisms of 
viral integration are not well understood, 
although it has been demonstrated that expres- 
sion of E6 or E7 of HPV 1 6 increases integra- 
tion of foreign DNA compared with HPV 6 or 
ll 29 : this is consistent with the observation that 
viral integration is rare in lesions infected with 
low risk HPVs. 

Viral integration with associated disruption 
of the E2 gene and consequent removal of 
transcriptional repression is one mechanism of 
upregulation of E6/E7 expression. However, in 
one study, integration of HPV 16 was associ- 
ated with increased stability of E67E7 mRNA 
suggesting that alternative pathways may 
occur. 30 Moreover, episomal viral DNA is 
frequently present and amplified in cervical 
carcinomas, 31 32 and this amplification is de- 
pendent on retention of intact El and E2 genes 
in these lesions.' 1 It has therefore been 
suggested that HPV amplification may provide 
an alternative mechanism for the upregulation 
of early gene expression in some tumours. 
These effects are clearly important in the proc- 
ess of squamous cell transformation as E6 and 
E7 expression is required for maintenance of 
the transformed phenotype." 14 

Several cellular transcriptional control fac- 
tors are involved in the control of HPV early 
gene expression but the mechanisms involved 
are not well understood. It has been demon- 
strated that E6/E7 expression is dependent on 
expression of API, a cellular transcriptional 
control factor." Interestingly, upregulation of 
the expression of c-jiin (a component of AP-1) 
has been demonstrated in association with low 
risk HPV infection of condylomas so this path- 
way may be common to both high and low risk 
HPV types. 56 

EXPERIMENTAL HPV INDUCED TRANSFORMATION 

HPV DNA, particularly the E6 and E7 genes, 
can immortalise primary cervical cells and 
human foreskin keratinocytes in culture" w but 
transformation of normal cells generally re- 
quires cooperation between HPV and other 
oncogenic sequences, such as EJ-ra$," in keep- 
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ing with other factors being involved in this 
process in vivo. Transfection of normal kerati- 
nocytes with HPV sequences can prevent 
cellular differentiation resulting in induction of 
morphological changes similar to CIN in raft 
culture. 66 61 Culture of naturally occurring 
lesions in a similar system leads to the produc- 
tion of morphological changes in vitro similar 
to those present in vivo. 41 

Fusion of HPV 18 containing HeLa cells 
with normal fibroblasts results in the repression 
of the malignant HeLa cell phenotype. 43 This 
system led to the localisation of a putative nor- 
mal cellular factor, localised to chromosome 
1 1, involved in the suppression of HPV E6/E7 
expression. This was termed cellular interfer- 
ing factor 64 but, to date, it has not been 
precisely identified. There is, however, evi- 
dence that a tumour suppressor gene impor- 
tant in cervical neoplasia may be located on 
chromosome 1 1 (see below). 

Another approach to the study of HPV early 
genes involves the production of mice trans- 
genic for the E6/E7 genes of high risk HPVs, 
particularly HPV 16. By introducing these 
genes under the control of the keratin 14 . 
promoter, expression can be targeted to 
squamous epithelium and the effects of such 
expression analysed in vivo. 454 * These mice 
develop hyperplastic and dysplastic squamous 
lesions but only progress to invasive malig- 
nancy when back crossed with certain strains, 
indicating that genetic background is impor- 
tant in the deterroination of susceptibility to 
invasive disease. This is in keeping with the 
effect of HLA genotype seen in human disease 
(see below). 

HPV AND CELL CYCLE CONTROL 

Recently, it has become increasingly clear that 
HPVs, like many other DNA viruses, achieve 
their replication by interference with normal 
cell cycle control mechanisms. Given that 
malignant transformation is also intimately 
related to these processes, it is likely that the 
oncogenic potential of papillomaviruses lies in 
their ability to alter cell cycle checkpoints, 
thereby leading to accumulation and transmis- 
sion of genetic abnormalities. The initial 
observation that the E6 and E7 oncoproteins 
bind to the p53 and pRB proteins respectively, 
both of which are involved in the regulation of 
growth control, demonstrated that the HPV 
genes possessed functions analogous to those 
already known for SV40 and adenovirus. 47-49 
Moreover, the E6 proteins of high risk HPVs, 
particularly HPV 16 and 18, bound more 
effectively to, and led to degradation of, the 
p53 protein via a ubiquitin mediated pathway, 50 
indicating a functional difference between high 
and low risk HPVs. Introduction of mutations 
into HPV 1 1 and 16 E6 proteins by exchanging 
the p53 binding domains altered the ability of 
these proteins to bind to and degrade p53 M and 
confirmed these differences. In addition, the 
E6 proteins of naturally occurring variants of 
HPV 16 differ in their abilities to bind to and 
degrade p53 protein, 15 indicating that these 
differences are determined by relatively small 
sequence variations. 
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p53 appears to protect the physical integrity 
of the genome by regulating the Gl cell cycle 
"checkpoint*' preventing entry into S phase of 
cells containing DNA strand break damage, 
thus allowing DNA repair or apoptosis and 
avoiding replication of a damaged template." 
DNA damage causes an increase in wild type 
p53 which activates expression of the WAF 1 
gene whose protein product, p21 WAF, binds 
and inhibits cyclin/cyclin dependent kinase 
(CDK) activity, in particular CDK 2." Hie 
inhibition of CDK 2 activity alters the 
phosphorylation state of the retinoblastoma 
gene product (pRB). Under normal cyclin/ 
CDK control the RB protein is in the 
underphosphorylated form in Gl phase and 
becomes highly phosphorylated through the S 
and G2 phases. The underphosphorylated 
pRB readily complexes with the transcription 
factor E2F, but the phosphorylated form does 
not, allowing free E2F to activate transcription 
of a range of genes whose products are essential 
for cell cycle progression. 54 Therefore, tempo- 
rary inhibition of the CDK 2 indirectly by p53 
conserves the underphosphorylated pRB/E2F 
complex halting transcriptional activation and 
allowing DNA repair before entering the S 
phase. Cells expressing HPV 16/18 E6 and E7 
lack this Gl cell cycle checkpoint. The 
resulting failure of the normal control system 
may ultimately contribute to the accumulation 
of genetic alterations required for tumour 
development and/or progression and lead to 
DNA instability which may facilitate integra- 
tion of viral DNA into host chromosomes and 
farther malignant progression, 

Much of the control of the cell cycle is medi- 
ated by the cyclin proteins which regulate the 
activity of CDKs. Cyclin control immediately 
before and during S phase is mediated by cyc- 
lins E and A and the overexpression of these 
cyclins in association with HPV infection 
suggests that the virus can "take over" certain 
host cell cycle control mechanisms to facilitate 
viral, rather than cellular, DNA replication. 55 
The cell is then held in a prolonged replication 
phase until degradation of the increased cyclin 
is completed. Cyclin D is responsible for cells 
passing through Gl phase and complexes and 
inactivates Rb protein in a similar fashion to 
HPV E7. Intuitively, therefore, E7 could 
circumvent cellular requirements for cyclin D 
expression: this appears to be the case in cervi- 
cal neoplasia. 54 

All of the cell cycle events are intimately 
related to viral early gene expression and 
upregulation of E6 and E7, by whatever mech- 
anism, is likely to lead to such cells having a 
growth advantage over their neighbours. All 
HPV infected cells, regardless of HPV type, 
undergo proliferation whether uncontrolled or 
self limited. However, HPV 16/18 infected cells 
lack Gl checkpoints" favouring viral integra- 
tion and inducing genetic instability. This 
mechanism remains intact with HPV 6/11 in 
which the virus remains in the episomal form, 
in part due to the differences in interaction 
between p53 and the E6 proteins of HPV 16/18 
and HPV 6/1 1.*** The inability to integrate and 
an intact Gl checkpoint, with overexpression 



of cyclin/CDKs, could account for HPV 6/11 
infected lesions proliferating while remaining 
benign. 

In addition to affecting early cell cycle 
control, HPV 1 671 8 infection is associated with 
the presence of abnormal mitotic figures 
suggesting disruption of mitotic events.'* Be- 
fore M phase, cyclin B/p34 ede 2 complex 
together forming mitosis promoting factor 
(MPF). 5 * In the normal cell cycle, p34 ede 2 
(CDK 1) is at a constant level throughout, its 
activity being controlled by the altering levels 
of the complexing cyclin B and by phosphor- 
ylation. Dephosphorylation of MPF causes an 
increase in associated histone 1 kinase activity 
and initiation of mitosis.* 0 Cyclin A also 
complexes with p34 ede 2 and is required for 
the onset of mitosis. 41 Exit from mitosis is 
attributed to cyclin B degradation." Increased 
expression and altered activity of these proteins 
by HPV 60 could contribute to mitotic defects 
and chromosomal aberrations. Indeed, overex- 
pression of the HPV 16 E6 and E7 genes in the 
presence of mitotic spindle inhibitors has been 
shown to induce genome wide DNA rereplica- 
tion without intervening mitosis.* 1 Similarly, 
overexpression of the E2 gene alone leads to S 
phase arrest and reduplication of keratinocyte 
DNA content. 64 

Thus, HPV genes are capable of interfering 
with both Gl/S and G2/M cell cycle check- 
points. Abrogation of the former may lead to 
accumulation of small scale genetic abnormali- 
ties while induction of abnormalities of mitotic 
control is more likely to lead to more gross 
genetic changes involving whole chromosomes 
(chromosomal instability). The differences 
between HPV types may well be reflected in 
their differing abilities to block these check- 
points in vivo. 

Although the binding of high risk HPV E7 
proteins to pRb may be involved in immortali- 
sation and transformation owing to distur- 
bances in cell cycle control, HPV 16 E7 has 
been shown recendy to be capable of bmding 
directly to members of the API family of tran- 
scription factors.* 5 As (i) the API transcription 
factors play an important regulatory role in the 
differentiation of keratinocytes and (ii) the 
HPV life cycle is closely tied to cell differentia- 
tion, it was hypothesised that binding of Jun 
proteins by E7 may result in inhibition of the 
cell differentiation required for efficient virus 
replication. The E7 protein may therefore play 
an additional role in transformation which is 
independent of its ability to bind to pRb. 

Cofactors in the evolution of cervical 
neoplasia 

The epidemiological evidence that many HPV 
infections regress, and that progression of 
intraepithelial . lesions is associated with viral 
persistence, taken in conjunction with the in 
vitro data that HPV genes are capable of 
immortalisation of normal cells, but not their 
transformation (see above), indicate that sec- 
ondary changes are important in HPV associ- 
ated cervical carcinogenesis. These changes 
may occur as a direct consequence of HPV 
infection or indirectly through the action of 
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cofactors, cither innate or acquired. This is 
v consistent with current multistage models of 

carcinogenesis, in which several genetic events 
are required to effect transformation. 

GENETIC CHANGES . . 

Genetic damage with consequent loss of 
tumour suppressor genes, or activation of 
cellular oncogenes, can lead to cellular immor- 
talisation and transformation. Such genetic 
changes may occur as a result of cell cycle 
checkpoint abnormalities induced by HPV 
gene expression, or may be related to environ- 
mental factors such as the formation of smok- 
ing related DNA adducts. However, loss or 
mutation of conventional oncogenes and tu- 
mour suppressor genes is uncommon in cervi- 
cal neoplasia. 2 ** 

Conventional cytogenetic studies have dem- 
onstrated non-random chromosome abnor- 
malities involving chromosomes 1, 3, 5, 1 1 , and 
17 in cenpeal carcinoma" but relatively few 
studies have examined the correlation between 
HPV and chromosome abnormalities in cervi- 
cal cells and tissues. In a cell culture model 
involving transfection of high risk HPV DNA, 
immortalisation was associated with clonal 
allele loss on chromosomes 3p, llq, 18q, and 
1 Op as assessed by microsatellite loss of hetero- 
zygosity (LOH). 68 Similarly, comparative ge- 
nomic hybridisation demonstrated abnormali- 
ties of chromosomes 3, 4, 10, and 11 in 
keratinocytes stably transfected with HPV 1 6.** 
Numerical abnormalities of chromosomes 11, 
17, and X were identified in 88% of invasive 
squamous carcinomas of the cervix by inter- 
phase cytogenetics but there was no relation of 
these abnormalities to the type or morphologi- 
cal distribution of the HPV sequences 
present.™ 

Analysis of LOH in naturally occurring 
tumours has demonstrated changes in almost 
. all chromosome arms, 71 but the most frequent 
abnormalities are present in similar chromo- 
somes to those involved in the in vitro 
studies."" 80 Several studies have shown LOH 
on the short arm of chromosome 3 in cervical 
carcinoma, particularly in the 3p 13-2 1.1, 
3p21, and 3p21-22 regions. 72- " Using com- 
parative genomic hybridisation, gain of chro- 
mosome 3q was identified in severe dysplasia/ 
CIS and was overrepresented in 90% of 
carcinomas, suggesting that gain of this region 
was important in progression from non- 
invasive lesions to invasive carcinoma. 81 In 
other studies, frequent LOH has been identi- 
fied on chromosome 17p, 73 76 77 chromosome 
llq, 7 * 79 chromosome 4, 80 and chromosomes 
6p and 1 8q." Microsatellite instability, which is 
frequendy associated with some tumour 
types— for example, colorectal carcinoma, does 
not appear to be common in cervical carci- 
noma, being identified in only 5.6% of tumours 
in one study.' 2 

There is increasing evidence that cellular 
immortalisation requires restoration of chro- 
mosome telomere length by activation of 
telomerase.* 1 Recently, it has been demon- 
strated that expression of the E6 protein of 
HPV 1 6 can induce telomerase activity but that 




105 



this induction is not sufficient for keratinocyte 
immortalisation,* 4 The observation that clonal 
allele loss on chromosomes 3p, lGp, llq, and 
1 8q was accompanied by telomerase activation 
in keratinocytes immortalised by HPV 
transfection** is in keeping with these findings. 
It is therefore not surprising that telomerase 
activity was identified in all of 10 cervical car- 
cinomas reported in a recent study. 85 

Although there is an emerging pattern of 
genetic changes in neoplastic cervical lesions, 
little is know of the mechanisms of induction of 
these abnormalities, or of the identity of the 
genes involved. The relation between produc- 
tive viral infection, viral gene expression, viral 
integration, keratinocyte differentiation, and 
DNA abnormalities is also poorly understood. 

SMOKING 

Epidemiological studies have shown an impor- 
tant correlation between cigarette smoking and 
the development of cervical cancer. A twofold 
increased risk of CIN and invasive disease has 
been demonstrated among smokers 86 ; passive 
smoking has also been implicated 87 and cessa- 
tion of cigarette smoking is associated with a . 
reduction in the size of CIN lesions by 
approximately 20%. M 

The actual mechanism by which smoking 
leads to an increased risk of cervical cancer is 
not fully understood but Langerhans' cell 
number is reduced in the cervical epithelium of 
smokers, 89 90 suggesting that abnormalities . of 
local immune surveillance may be important. 
Alternatively, the constituents of smoke and 
their derivatives may interact directly with 
HPV. Nicotine and cotinine are frequendy 
found at high levels in cervical mucus 91 and can 
induce proliferation of HPV transformed 
cervical cells. 92 Polycyclic aromatic hydrocar- 
bons such as benz[a]pyrene present in cigarette 
smoke have been shown to inhibit cell prolif- 
eration in both "normal" and HPV 16 immor- 
talised cervical cell lines, but with inhibition 
occurring at a 20-fold lower concentration in 
the normal cells." Moreover, as these com- 
pounds can form adduction products with 
DNA, they are potentially genotoxic. This 
effect may be important in vivo as DNA 
adduction products were found to be present in 
normal cervical epithelium at a higher level in 
smokers than in non-smokers.* 

OTHER INFECTIOUS AGENTS 

It has been suggested that more than one 
infectious agent may act in a synergistic 
manner in the development of cervical cancer 
but there is little evidence for the interaction of 
HPV and infectious agents other than herpes 
simplex virus (HSV)* 1 arid HIV. Experimental 
evidence has also shown that cells transformed 
by HPV 16/18 are capable of inducing tumours 
in mice only after transfection with HSV 2.'* 
Moreover, women testing seropositive for HSV 
2 alone had a risk ratio of 1.2 for cervical can- 
cer, but those with HPV 16/18 in addition had 
a risk ratio of 8.8; in those with HPV 16/18 
alone the risk ratio was 4.3." 

In HIV positive patients who are not immu- 
nocompetent there is an increased incidence of 
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HPV infection with associated epithelial cell 
abnormalities*** In addition, the HIV tat 1 pro- 
tein is capable of transactivating HPV 16 
transcription.** Thus, HIV infection may affect 
HPV associated neoplasia by both potentiation 
of the effects of HPV and by leading to immune 
deficits and defective viral clearing. 

Epstein-Barr virus, although demonstrated 
in invasive squamous carcinoma cells and asso- 
ciated lymphocytes, has not at present been 
shown to interact with HPV directly. 100 

HORMONES 

The URR of HPV 1 6 contains a glucocorticoid 
regulatory element, which permits £2 inde- 
pendent early gene transcription. 101 Therefore, 
steroid hormones may enhance viral transcrip- 
tion, as shown with oestrogens and progesta- 
gens in cell lines. 102 103 A recent study has dem- 
onstrated that glucocorticoids downregulate 
HLA class I expression in HPV containing cer- 
vical carcinoma ceil lines, but only if the viral 
genome is integrated into the cellular 
genome. 104 These studies demonstrate that 
hormonal factors may not only be important in 
the control of viral gene transcription but that 
they may also influence immune competence. 

IMMUNE STATUS 

Certain HLA genotypes are found more 
frequently in patients with cervical neoplasia 
than in the normal population, 105 " 108 suggesting 
that susceptibility to cervical neoplasia may in 
part be determined by inherent genetic factors 
governing the immune response to HPV. 
Phenotypically, downregulation of class I HLA 
antigens, which are important in the recogni- 
tion of viral antigens, is frequent in both prein- 
vasive and invasive disease. 109 1,0 Conversely, 
normal cervical epithelial cells do not express 
class II HLA antigens but such antigens are 
found on the surface of epithelial cells in cervi- 
cal neoplasia. 111 This upregulation is related to 
the morphological grade in preinvasive lesions 
and appears independent of the presence of 
HPV sequences. 112 The keratinocyte phenotype 
in these lesions therefore resembles that of anti- 
gen presenting cells and suggests that they may 
be involved directly in immune surveillance. 

In renal transplant patients there is an 
increased prevalence of wart virus associated 
changes, CIN, and invasive squamous 
carcinomas. 1 ° HIV positive patients also have 
an increased incidence of these changes which 
may be associated with both reduced systemic 
immune competence, as assessed by CD 4 cell 
count 114 or with a local defect in immunity with 
reduced Langerhans cell number. 115 This is 
compounded by local shifts in immune surveil- 
lance related to alterations in Langerhans cell 
activity associated with HPV mediated epithe- 
lial cell injury. 

In view of the association of viral persistence 
with lesion progression, variation in the ability 
of different class II alleles to effect clearance of 
HPV could explain the association of some 
HLA class II genotypes with cervical neoplasia. 
Similarly, acquired immune defects may exert 
their effects through defective viral clearing and 
hence viral persistence. 



CYTOKINES AND GROWTH FACTORS 

In HPV immortalised cell lines £6 and E7 gene 
transcription can be inhibited by leukoregulin 
and interferon gamma, but not by interferon 
alfa, with associated reduction in cell 
proliferation, 1 " HPV 16 and 18 E6 and E7 
production is also inhibited by transforming 
growth factor P (TGF-P) in HPV transformed 
keratinocytes. 1 " Conversely, HPV 16 E5 can 
interact with epidermal growth factor receptor 
(EGFR) in the process of cell 
transformation. 118 E-cadherin transfection 
leads to restoration of membrane E-cadherin/ 
catenin complex together with downregulation 
of EGFR and reversion of the transformed 
phenotype in HPV transfected cells. 119 These 
studies suggest that interaction of HPV with 
cell surface molecules may be important in the 
determination of cellular phenotype. 

HPV negative cervical rumours 
Sensitive, broad spectrum HPV detection 
methods have demonstrated HPV DNA se- 
quences in the vast majority of invasive cervical 
carcinomas. Whether truly HPV negative carci- 
nomas exist is currently a matter for debate as 
there are several reasons why tumours may 
falsely appear HPV negative. 120 However, the 
epidemiological finding that patients with HPV 
negative CIN have a different spectrum of risk 
factors suggests that at least intraepithelial 
disease may arise in the absence of HPV 
infection. 121 HPV negative cervical cell lines and 
tumours often contain p53 mutations which 
could theoretically substitute for the presence of 
the HPV E6 protein. 122 125 Although there is a 
substantial inverse correlation between p53 
mutation and HPV infection, it has become 
clear that they are not mutually exclusive in 
cervical carcinomas. Thus, p53 gene mutations 
have been identified in HPV positive 
tumours 124 125 and, similarly, p53 mutations are 
not always present in apparently HPV negative 
tumours. 12 * This does not however entirely 
exclude the hypothesis that p53 mutation 
substitutes for E6 gene expression in HPV 
negative tumours as (i) p53 mutation may be 
acquired as a late event in HPV positive 
tumours 127 ; and 00 apparently HPV negative 
cervical tumours may be infected with either 
undetected or unknown HPV types. 120 

Cyclin D is responsible for cells passing 
through Gl phase and has been implicated in 
carcinomas when overexpressed. 128 PRAD 1. or 
be! 1 oncogene, which is on chromosome 1 lql3 
and is activated by translocation, is identical to 
cyclin D. A recent study has shown abnormali- 
ties of PRAD 1 (both amplification and 
rearrangement of DNA and overexpression of 
mRNA) in seven of 13 cervical and vulval 
squamous carcinoma derived cell lines. 12 * The 
E7 protein has cyclin D-like activity and 
therefore overexpression of cyclin D could 
mimic, at least in part, the effects of this protein. 

Mechanistically, therefore, other genetic 
abnormalities can substitute for HPV gene 
expression. This is consistent with the hypoth- 
esis that transformation of cervical epithelial 
cells, and hence carcinoma of the cervix, can 
occur by HPV independent pathways. 



Molecular events in uterine cervical 



Glandular cervical tumours 
The association between glandular neoplasia of 
the cervix and HPV infection is less strong than 
that of squamous neoplasia. 130 There are 
methodological difficulties in the study of 
glandular lesions as, without microdissection 
techniques, it is not possible to exclude the 
possibility that any HPV sequences identified 
in extracted nucleic acids were present in the. 
accompanying squamous epithelium rather 
than in the glandular lesion. 132 Nevertheless, 
HPV sequences have been localised directly 
within glandular epithelial cells by both DNA 
and RNA in situ hybridisation in several 
studies. 133 - 137 Moreover, HPV 18 is found 
significantly more frequently in glandular than 
in squamous lesions of the cervix, 151 135 l3a indi- 
cating the involvement of a different spectrum 
of HPV types. Small cell carcinoma of the cer- 
vix is also associated with HPV 18 infection, 
suggesting that this HPV type may be involved 
particularly in non-squamous tumours. 139 

i 

Conclusions 

It has become clear that most cervical neopla- 
sia, whether intraepithelial or invasive, is attrib- 
utable in part to HPV infection. However, HPV 
infection alone is not sufficient,, and may, in a 
small proportion of cases, hot be necessary for 
full malignant transformation. There is increas- 
ing evidence that HPV gene products interfere 
with cell cycle control leading to secondary 
accumulation of small scale and large scale 
genetic abnormalities. This may explain the 
association of viral persistence with lesion 
progression but, in many patients, secondary 
factors, such as smoking and immune response, 
are clearly important. However, the mecha- 
nisms involved in the interaction between HPV 
and host factors are poorly understood. 
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Human Papillomaviruses and Cervical Neoplasia: A Model 

for Carcinogenesis 
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Summary: Human papillomaviruses are etiologic for cervical cancers and their 
pathologic precursors. As presented in this review, pathologic, epidemiologic and 
molecular data all support a working model that accounts for the pathogenetic role of 
these viruses in cervical neoplasia. Diagnostic criteria and classification systems are 
discussed in light of this model. These insights point to a potential change in clinical 
screening systems for cervical cancer. In addition, vaccine trials for oncogenic HPVs 
have begun. In the long term, these trials may hold promise as duly specific preventive 
for this common human cancer. Key Words: HPV-Pap,llomavirus- 
Cervix— Cancer— -Pathogenesis — Screening. . , 



Human papillomaviruses (HPVs) are the etiologic 
agents of cervical neoplasia. This simple statement is the 
product of more than two decades of work that has re- 
vealed the interplay of these common epitheliotropic vV 
ruses with their host cells. The pathologic classification 
of cervical neoplasia as well as the clinical management 
of these lesions increasingly reflects these biologic in- 
sights. I hope to review these concepts with emphasis on 
the mechanisms by which HPVs produce abnormal cer- 
vical morphology. This will be followed by a brief ex- 
ploration of some applications of HPV-related technol- 
ogy. 

HISTORICAL PERSPECTIVE 

Historically, papillomaviruses have co-evolved with 
vertebrates. Virtually all vertebrate species have warts. 
Cutaneous warts have been described for thousands of 
years. In the beginning of this century, Ciuffo established 
the Viral etiology of human warts (papillomas) by using 
cell-free extracts from wart tissue as an inoculum for 
man-to-man transmission experiments. In 1933. Shope 
described the first papillomavirus in cottontail rabbits. 
Subsequent experimentation in this system, including the 
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use of coal tar as a tumor promoter, stimulated early 
concepts of cancer initiation and promotion, and pro- 
duced one of the first examples of a human DNA tumor 
virus (1-3). The advent of electron microscopy brought 
the ultrastructural morphology of the papillomaviruses 
into focus, ainical studies also revealed that different 
kinds of warts were more productive of virions than oth- 
ers. For example, plantar warts often had abundant viral 
particles, whereas genital warts had few (4-7). Since 
papiUomaviruses are resistant to tissue culture and can- 
not be transmitted to laboratory animals, the character- 
ization of this virus has been extremely difficult Bio- 
chemical characterization and immunology carried out 
on viral proteins derived from direct extracts of warts 
provided early data suggesting mat mere was a single 
type of human papffloioMvirus, a view that was held 
through the 1960s (8). However, in the 1970s the revo- 
lution in modern biology permitted the molecular char- 
acterization of the papfflomavirus family. Clones of the 
HPV genomes can be used to probe different pathologic 
processes, to establish the relationship of those lesions 
with HPVs. Analysis of the genomes isolated from these 
lesions reveals the plurality of HPV types based on DN A 
heterology (9,10). Papillomaviruses infect essentially all 
vertebrate species and induce primarily, albeit not exclu- 
sively, squamous epithelial neoplasias. In humans, more 
than 100 molecular types have been cloned, some two 
dozen of which are trophic for the anogenital tract 
(11,12). Anogenital HPV infections are the most com- 
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mon sexually transmitted disease (13,14). The careful 
correlation of the clinical pathology of HPV-associated 
lesions with the molecular biology elucidated using the 
cloned viral DNAs as tools to dissect the virus-host in- 
teraction has been the key to our improved understanding 
of this common human cancer. 

HPV VIROLOGY 

The papillomaviruses haVe been traditionally classi- 
fied as members of the papovavirus family. This family 
was named by taking the first two letters of the major 
genera: papilloma, polyoma, and simian vacuolating vi- 
ruses, respectively. All members of the family have a 
common structure; they are small, double-stranded DNA 
viruses that replicate in the nucleus and have icosahedral 
protein capsules that form nonenveloped virions. How- 
ever, it has become apparent that the papillomaviruses 
are biologically distinct from SV40 and polyomavirus. 
Papillomaviruses have 55-nm rather than 40-nm diam- 
eter capsids; a reflection of that fact is that the approxi- 
mately 8000-bp papillomavirus genome is 60% larger 
than the genome of polyomavirus. Moreover, the ge- 
nome of polyomavirus will not cross-hybridize with pap- 
illomaviruses under low stringency conditions. The mo- 
lecular organization of viral transcription is very differ- 
ent between HPV vs. polyoma; papillomaviruses 
transcribe all of their genes off one strand of the double- 
stranded genome. In contrast, SV40 and polyoma use a 
completely different bidirectional transcription strategy. 

All papillomaviruses have a circular double-stranded 
DNA genome of approximately 8.0-kb complexity, en- 
coding seven or eight early and two late genetic open 
reading frames (ORFs). Through gene splicing, the 
ORFs encode for all viral gene products. In addition, 
there is a noncoding region of approximately 1000 bp, 
often referred to as the upstream regulatory region 
(URR) or long control region, immediately upstream of 
the E6 ORF that contains the sequences regulating the 
expression of all ORFs (15). More than 20 messenger 
RNAs are expressed, normally in a highly differentia- 
tion- and cell-type-specific manner. ORFs E6 and E7 
encode proteins that are capable of inducing cell prolif- 
eration and transformation. These are the only open read- 
ing frames that are conserved and expressed in all HPV- 
associated pathologies. The latter include the full spec- 
trum from low-grade lesions with virtually no neoplastic 
potential to high-grade invasive cancers. The proteins 
encoded by El are involved in genome maintenance and 
replication. E2 encodes the major transregulatory pro- 
teins, which interact with the URR, having both positive 
and negative effects on transcription. The £4 ORF is the 



most abundantly transcribed message in a wart and is 
most highly expressed in differentiated cells. Some 
forms of E4 encode a protein, which binds to and dis- 
rupts the cytoplasmic keratin network producing what 
we recognize as a koilocyte, in cells that are appropri- 
ately differentiated E5 also seems to be involved in cell 
transformation. E5 encodes a small protein that seems to 
bind to a variety of host membrane proteins including 
growth factor receptors. It also contains 3' regulatory and 
polyadenylation sequences for all of the E region genes. 
Because expression of E5 is often lost during viral inte- 
gration, its role in human carcinogenesis is controversial. 
L2 and LI encode the minor and major viral capsid pro- 
teins, respectively. The expression of these proteins and 
their messages is also tightly regulated in a cell differ- 
entiation-dependent manner. ■ . 

As noted above, there are more than 100 HPV types. 
Given the absence of serologic reagents or viral culture 
systems, these viruses are classified not by serotype, but 
by genotype. Today, a new HPV type is defined when 
sequences in selected genomic regions have more than 
10% divergence comjkred to any of the known HPV 
types. From these definitions and from computerized 
analysis of these sequences, it is clear that the papillo- 
maviruses have had a long evolution, probably co- 
evolving with humans as well as vertebrates in general 
(16-19). The different viral types are not the product of 
simple point mutation. The grouping of papillomaviruses 
that is derived from sequence analysis remarkably pre- 
dicts the recognized clinical groupings (20). Broadly 
speaking, there are cutaneous and mucosotropic groups. 
In the cutaneous group, there are HPVs common to the 
general popualtion, such as HPV-1, which is the agent of 
plantar warts, HPV-2 and -4* which cause common 
warts, and then there is a large group of 20 or more HPV 
types that are associated with the rare disease epidermo- 
dysplasia verruciformis (EV). Interestingly, most of the 
EV warts that progress to cancer are associated with 
HPV-5 and -8, i.e., there is a **high-risk" subgroup analo- 
gous to the subgroups recognized in the mucosotropic 
HPVs. In the mucosotropic group, the viruses may be 
broadly classified into those with a low risk of lesion 
progression to cancer vs. those with a moderate-to-high 
risk. Viruses classified as low risk are defined by the fact 
that they are almost never found in invasive cancers. In 
contrast, high-risk viruses are those that are most often 
found in invasive cancer. However, high-risk virus in- 
fection does not equate to the inevitable development of 
cancer. The molecular epidemiology of most of the mod- 
erate- or intermediate-risk viruses seems incompletely 
developed because of a relative lack of probes and the 
recent description of members of this group. 
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The four mucosotropic viruses, HPV*6, -11, -16, and 
-18 form the prototypes for the low- vs. high-risk group- 
ings and together account for approximately two-thirds 
of the HPV-associated anogenital neoplasms (21). Type 
6 and 11 primarily cause benign exophytic genital warts 
or condylomata acuminata. These are the viruses present 
in more than 90% of condylomas with about two-thirds 
caused by HPV-6 and one-third by HPV-11. They are 
also associated with low-grade squamous intraepitbeKal 
lesions (LSIL) and are only rarely associated with high- 
grade squamous intraepithehal lesions (HSIL) or inva- 
sive squamous cancers. Related viruses that produce a 
similar spectrum in the cervix are HPV-42, -43, -44, as 
well as -26, -53, -54, ^55, -62 and -66 r In contrast, HPV- 
16 is the most prevalent virus to infect the uterine cervix, 
is closely associated with the entire range of intraepithe- 
lial and invasive squamous neoplasia, as well as less 
commonly, cervical glandular neoplasia. The moderate- 
to-high risk types most closely related to HPV-16 in- 
clude types -31, -33, -35, -52, -58, and -67. HPV-18 is 
the other cancer-associated prototype, which is also most 
commonly associated with nonsquambus cervical neo- 
plasms. The viruses most closely related to type 18 in- 
clude types 45, 59, as well as types 39 and 68. Other 
types such as 51 and 56 seem to have some association 
with cervical cancer but are genetically also related to the 
cutaneous group. Morphologically similar lesions at dif- 
ferent mucosal sites are largely caused by the same mu- 
cosal viruses. Thus, laryngeal and conjunctival papillo- 
mas, which are pathologically and biologically equiva- 
lent to a condyloma, are. most often caused by HPV-11 
and -6. In contrast, the bowenoid dysplasias of the vulva, 
penis, anus, and oral cavity are most often associated 
with HPV-16. As will become clear, all HP V types, even 
the high-risk viruses, must induce the pathologic equiva- 
lent of a wart, condyloma; or LSIL, for this is pathology 
that supports viral replication and virion production. 

HPV EPIDEMIOLOGY 

Numerous epidemiologic studies have linked cervical 
cancer to sexual behavior (13,14,22-26); In most studies, 
the finding that either female promiscuity or being a 
monogamous female partner of a promiscuous husband 
confers increased risk for cervical cancer supports the 
concept of a sexually transmitted agent The strongest 
epidemiologic risk factor is the number of sexual part- 
ners. Other behavioral correlates such as young age at 
first intercourse and early age of parity also seem to 
confer risk, although the altered hormonal environment 
of adolescence and its effect on the cervical epithelium 
may also be a risk factor. In most epidemiologic studies, 



cigarette smoking remains a risk factor even after con- 
trolling for, sexual factors. Morphoepidemiologic studies 
demonstrate that the precursors of cervical cancer pre- 
cede invasive cancer, with LSIL having the highest 
prevalence in patients in their early twenties, HSIL in the 
late twenties and early thirties, and invasive cancer in 
women ages 40 to 50. In cohorts that are more recent, 
there is a trend toward earlier age for each of these 
stages. 

The epidemiology of genital HPV infection clearly 
accounts for the epidemiology of cervical neoplasia 
(24,26). Modem molecular epidemiologic analyses, as 
well as our understanding of the molecular biology of the 
virus-host cell interaction, provide a mechanistic basis 
for this link. The confusion in the literature of the 1980s 
that failed to show a strong association between HPV 
and cervical neoplasia was most likely due to a lack of 
high-quality molecular tests for HPV DNA. More recent 
analyses using validated methods confer relative risks for 
cervical neoplasia based on the presence of HPV on the 
order of 10 to 100 to one. These are at least an order of 
magnitude greater than any other epidemiologic risk fac- 
tor for cancer ever described. In multivariate analyses, 
controlling for the presence of HPV infection leads to 
"dropout" of virtually all other risk factors. Thus, HPV 
infection confers 85 to 90% of the attributable risk for 
the development of cervical dysplasia. Cohort studies 
have shown that in cytologically normal women HPV 
infection precedes the development of dysplasias and 
that infection with HPV-16 or -18 confers the highest 
risk for dysplasia, particularly high-grade dysplasia. For 
example, in a study of 241 cytologically normal women 
recruited in a sexually transmitted disease clinic, the cu- 
mulative incidence of HSIL at 2 years was 28% in HPV- 
positive women compared to 3% in HPV-negative 
women (27). In a study of more than 200 "atypical" Pap 
smears that were reread by five expert cytopathologists, 
it was shown that the HPV prevalence increased from 
21% in smears classified as normal to 100% in smears 
unanimously classified as SIL (28). 

The prevalence of HPV in a population varies with the 
population and the method of HPV detection (29). Tests 
using highly sensitive amplification methods capable of 
detecting many viral types demonstrated the highest 
prevalence. When a cohort of college women were stud- 
ied using LI consensus primer polymerase chain reaction 
(PCR) in parallel with the commercially available Vira- 
Pap dot blots which only had probes for seven viral 
types the HPV prevalence was 46% for the PCR assay 
vs. 1 1% for the dot blot (30,31). A conservative estimate 
of genital HPV prevalence in the general U.S. population 
is probably on the order of 15 to 20%, with serial sam- 
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pling oyer time leading to even higher estimates of 
prevalence. However, these rates vaiy with age, suggest- 
ing that patients may also clear their infection over time 
(32,33). Of course, this parallels cytologic observations 
that most cervical abnormalities regress, with only rare 
cases progressing to HSIL and even more rarely to in- 
vasive cancer (34-39). The overwhelming clinical prob- 
lem is trying to decide which cases of low-grade mor- 
phology will or will not progress so as to more effec- 
tively direct therapy to those who need it 



HPV PATHOLOGY 

The pathology of papillomavirus-associated neoplasia 
describes the neoplastic pathology of the cervix. In 1956, 
Koss coined the term koilocytotfc atypia (KA) to insight- 
fully describe cells derived from flat "warty lesions" of 
the cervix (40). KA is often thought to be pathognomonic 
for HPV infections, i.e., HPV cytopathic effect It is the 
cytologic abnormality in which virion is most often de- 
tected, and is highly correlated with productive HPV 
infection. However, cytologic or histologic absence of 
KA does not in any way imply absence of HPV, more 
specifically absence of pathogenic HPV gene expression. 
Koilocytotic atypia, which under the Bethesda classifi- 
cation is considered a low-grade squamous intraepithe- 
lial lesion, is the most common definite abnormality in 
cytologically screened populations today, present in 1 to 
4% of Papanicolaou ('Tap") smears (41,42). In 1976, 
Canadian and Scandinavian workers both described flat 
and inverted condylomas of the uterine cervix and re- 
ported that these lesions not only may be found in the 
spectrum of cervical intraepithelial neoplasia (CIN), but 
that they also were associated with the human papillo- 
mavirus (43-45). Supporting morphologic data linking 
HPV to cervical neoplasms came initially from studies of 
the distribution of HPV capsid protein or HPV virions in 
intraepithelial neoplasias. Using a broadly reactive 
group-specific an ti sera against the LI protein, papillo- 
mavirus capsid antigen, the expression of which is a 
highly differentiation-dependent phenomenon, was 
found to be present in 50 to 60% of condylomas or LSILs 
with a decreasing frequency as cytohistologic grade in- 
creased (46-48). Similarly, if one uses transmission elec- 
tron microscopy to search cell nuclei for virions, there is 
an inverse correlation with cytologic lesion grade for the 
detection of virus (49-51). 

HPV MOLECULAR BIOLOGY 

Data derived from molecular biologic studies of HPVs 
support the epidemiologic and pathologic 'associations. 



Molecular detection methods can be applied in a variety 
of ways. Analyses that destroy the sample to release the 
nucleic adds for analysis by necessity require morpho- 
logic correlation. Most commonly, a cellular sample is 
analyzed for the presence of HPV DNA by dot blot, 
Southern blot, or some analogous technique, more re- 
cently with improved sensitivity by coupling these meth- 
ods to an amplification technology like the PCR (20,52- 
54). These types of studies have been strongly comple- 
mented by many direct analyses, which have used in situ 
hybridization to directly demonstrate the presence of 
HPV DNA or messenger RNA in defined groups of pa- 
thologies (55,56). 

There are more than two dozen mucotropic HPVs that 
infect the genital tract All can be found in low-grade 
SILs or in samples from cytologically "normal" women, 
and although no single type predominates, the HPV- 16- 
related groups are the most common viruses in the cervix 
(20,57). Hie prevalence of HPV DNA in LSILs is in 
excess of 90%, and the same may be said for HSIL and 
invasive squamous carcinoma of the cervix. However, 
the type spectrum in the high-grade lesions is much more 
restricted, with just four HPV types (16, 18, 31, and 45) 
accounting for almost 80% of the invasive ^ancers. Squa- 
mous cell carcinomas account for only 80% of cervix 
cancers, the remainder being made up of primarily en- 
docervical adenocarcinomas and a small number of small 
cell neuroendocrine carcinoma (58). Studies using sen- 
sitive methods to analyze these nonsquamous cancers 
and their precursors also demonstrate a very high preva- 
lence of HPV DNA (59-62). The virus most closely 
related to progressive cervical squamous neoplasia is 
HPV- 16 (63). Although accounting for fewer cervical 
infections, HPV- 18 is more consistently associated with 
adenocarcinomas and small cell neuroendocrine cancers 
of the cervix and less frequently with invasive squamous 
cancer. The absolute prevalence of some of the more 
recently described types (e.g M HPV-31, -33, -35, -39, 
-42, -43, -44, -45, -51, -52, -56, and others) may be 
underestimated, as they have not been generally avail- 
able for large-scale screening (64). Thus, the best avail- 
able evidence suggests that HPV genetic material is pre- 
sent in more than 90% of premalignant arid malignant 
squamous lesions of the uterine cervix. A corollary of 
this is that studies reporting lower association rates may 
be technically deficient and have a significant false nega- 
tive rate (yida infra). The association of HPVs with squa- 
mous cell carcinomas at other body sites (vagina, vulva, 
anus, penis, larynx, and skin) and in a variety of genetic 
or induced immunodeficiency states is also well recog- 
nized (65-68). 

Unlike any other candidate cervical cancer agent, HPV 
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DNA is not only present in every pathology linked to 
HPV but also HPV messenger RNA is expressed in 
these* lesions (69,70). Hie presence of viral RNA and 
protein expression leads to a rational framework impli- 
cating the virus in lesion pathogenesis. Patterns of viral 
mRNA expression vary with morphology in a tightly 
regulated and differentiation-dependent manner 
(55 69,71,72). In low-grade lesions, all viral genes arc 
expressed as a manifestation of vegetative viral replica- 
tion. In contrast, in HSIL and invasive cancer, there is a 
restricted pattern of viral gene expression, and E6 and E7 
predominate. Cervical carcinoma cell lines such as 
HeLa, SiHa, and CaSki have also been found to harbor 
integrated HPV-16 or -18 DNAs from which the trans- 
forming E6 and E7 regions are actively transcribed (73- 
78). 

Active transcription of HPV DNA within lesions es- 
tablishes a strong molecular association of HPV with 
cervical neoplasia. In vitro cell transformation experi- 
ments additionally point to an active role for these vi- 
ruses in carcinogenesis. DNA from high-risk HPV types 
like HPV-16, -18, -31, and -33, but intriguingly, not 
HPV-6 or -1 1, are capable of transforming epithelial cell 
lines in cooperation with an activated cellular oncogene 
such as Ha-ras, thus mirroring general concepts of mul- 
tistep carcinogenesis (79-83). HPV-16 DNA alone can 
immortalize cultured primary foreskin keratinocytes or 
primary cervical cells in culture (84^87). While not in- 
hibiting stratification of keratinocytes cultured on colla- 
gen rafts, HPV-16 can prevent cellular differentiation, 
thereby inducing in these artificial epithelia morphologic 
features that mimic ON (88,89). Deletion experiments 
clarified that the essential part of the viral genome for 
these effects is the expression of the E6 and/or E7 region. 
It is also noteworthy that in these systems the trans- 
formed phenotype is not apparent until the cells have 
been passed through many generations, mimicking the 
long progression times seen in naturally occurring clini- 
cal lesions and suggesting the need for additional genetic 
events to manifest a high-grade lesion. 

There is also an association between the physical state 
of HPV DNA within the cell and the malignant potential 
of the associated epithelial proliferation (90-95). In be- 
nign HPV-infected lesions, the viral DNAs exist as ex- 
trachromasomal plasmids, mostly as monomelic circular 
molecules (96). However, in most cancers, HPV DNAs 
are integrated into host chromosomes. Viral integration 
most frequently disrupts the E2 ORF, which encodes the 
transcription regulatory proteins. Loss of these regula- 
tory proteins is thought to be the basis for potential dys- 
regulation of the expression of the transforming E6 and 
E7 ORFs (97): 



Concurrent with the revelation of HPV biology, there 
has been an explosion of information about the roles of 
cellular oncogenes in carcinogenesis (98-101). Several 
classes of oncogenes, including growth factors, growth 
factor receptors, GTP binding proteins, protein kinases, 
and DNA binding proteins, have been shown to be rel- 
evant to the control of cell growth. C-myc and c-Ha-ras 
amplification can be documented in some cervical can- 
cers and correlates with advanced clinical stage at the 
time of analysis (102-105). In cervical cancer cell lines, 
HPV integration sites were f ound to be in the same gen- 
eral region as some of the known oncogenes, including 
c-myc, suggesting the possibility of transcriptional acti- 
vation by the virus, although the latter has not been di- 
rectly documented (106,107). In other cases, HPV DNA 
integrates near fragile sites (108). The significance of 
these observations is not clear, but again suggests the 
potential for multiple genetic/chromosomal events in 
neoplastic progression. 

Observations on oncogene effects have been hard to 
directly relate to pathogenesis. In contrast, elucidation of 
the interaction of HPVs with tumor suppresser genes has 
been highly informative. Fusion of HPV-18-expressing 
HeLa cells with normal human fibroblasts or keratino- 
cytes results in the repression of the malignant phenotype 
of the HeLa cell (109). Upon transplantation into nude 
mice, the loss of chromosome 11 from the hybrid cells 
results in the reversion to malignant phenotype, suggest- 
ing another tumor suppressor gene at tins site. This ex- 
periment was extended by Schwarz and coworkers, who 
proposed that the ability of a cellular product to suppress 
the expression of the HPV-18 oncogene requires a hu- 
moral factor (68,1 10,1 1 1). Clearly, several gene products 
may interact to elicit or inhibit cell transformation, The 
human retinoblastoma (RB) gene was the first tumor 
suppressor gene to be characterized (112). RB either is 
completely absent or has significant deletions in tumors 
from patients with retinoblastoma, breast cancer, and in 
several other epithelial tumors such as squamous cell 
carcinoma of the head and neck (113-116). The trans- 
forming E7 protein of HPV-16 has structural and func- 
tional similarities to the El A antigen of adenovirus, the 
large T antigen of SV40, and the host cellular protein 
cyclin Dl (117-122). All of these proteins have the abil- 
ity to form inactivating complexes with the retinoblasto- 
ma antioncoprotein by competitive binding to the "RB 
pocket" This functional inactivation causes the release 
of a potent host transcription factor, termed E2F, which 
is capable of activating transcription of a variety of host 
genes, many of which are involved in DNA synthesis and 
cell cycle progression. Similar complexing and inactiva- 
tion of the p53 suppressor gene by the E6 proteins of 
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high-risk viruses like HPV-16 has also been demon- 
strated (123-129). E6 binds to p53 via an E6-associated 
host protein. This binding promotes the ubiquitin- 
dependent degradation of p53, the functional equivalent 
of mutational inactivation. p53 is a prime regulator of 
cell proliferation via transcriptional transactivation. For 
instance, p53 activates transcription of p21 (also called 
waf 1 or cip 1), a potent inhibitor of cyclin-dependent 
kinase. Therefore, either mutation or E6-mediated deg- 
radation of p53 can lead to derepression of cell cycle 
regulation. In rare instances in which a cervical cancer 
has been shown to not contain HPV, p53 mutation has 
been found, whereas mutation is absent in the usual case 
(130-133). Interestingly, the E6 proteins from low-risk 
HPVs are incapable of causing this degradation. There- 
fore, E6 undoubtedly has other roles in the virus-host 
interaction other than p53 inactivation, such as direct 
effects as a transcription factor (134). 

HP V-MEDIATED CARCINOGENESIS 

Taken together, the above data have led to a molecular 
model for HPV-induced carcinogenesis. This model in- 
volves the interaction of HPV gene products with what is 
recognized to be a tighdy controlled network of cellular 
oncogenes and antioncogenes, which control cell prolif- 
eration and DNA synthesis. Histogenetically, papilloma- 
viruses must infect the "reserve, basal, or stem" cell 
population of the cervical transformation zone, cells that 
have the potential to differentiate along squamous, glan- 
dular, or neuroendocrine lines and are responsible for 
epithelial maintenance. In cells committed to squamous 
differentiation, there is an orderly program of maturation 
throughout the epithelial thickness, both at the morpho- 
logic and molecular level. In normal squamous differen- 
tiation, the only cells capable of cell division are the 
basal or parabasal cells. In moiphologically normal, but 
HPV infected, basal cells, papillomavirus gene expres- 
sion is inhibited to essentially maintenance levels. Pro- 
ductive HPV gene expression is tightly regulated and 
permitted only in cells that have begun squamous matu- 
ration, with concurrent loss of proliferative capacity 
(55,71,72,135-138). In the immediate suprabasal zone, 
there is expression of the early regions of the virus, and 
as the cells differentiate, there is an induction of all viral 
genes, as well as viral DNA synthesis, leading to assem- 
bly and production virions in the cells just beneath the 
surface. In the cervix, we recognize such lesions as low- 
grade squamous intraepithelial lesions or mild dyspla- 
sias, most of which at some point demonstrate koilocy- 
totic atypia. Such lesions usually regress or maintain 
themselves for extended periods. An explanation of some 



of the diagnostic criteria used by pathologists is implicit 
in this program of differentiation-linked expression. The 
nuclear enlargement and hyperchromia recognized as 
atypia is a direct result of E6/E7-mediated activation of 
host DNA synthesis. In a low-grade lesion, this is regu- 
lated to occur in cells that can no longer divide, i.e., the 
intermediate squamous cells, and is primarily directed at 
the production of viral DNA (138), Given the small size 
of the viral genome, the several thousand copies of the 
virus present in a productively infected cell clearly can- 
not account for the two- to fourfold nuclear enlargement 
that is observed. It is a diagnostically fortunate coinci- 
dence that ineffective (in the sense of cell division) E6/ 
E7-mediated host DNA synthesis produces the enlarged 
nuclei and increased N:C ratio that one recognizes as 
abnormal. If the process is not fully developed or is 
perhaps regressing, then the cells derived from the sur- 
face often have less nuclear abnormality (? atypical squa- 
mous cells of uncertain significance [ASCUS]) than seen 
in classical dysplasia. In contrast, in the fully developed 
case, they are classified as being derived from a mild 
dysplasia/LSBL. If the cells also have the correct amount 
and form of the cytokeratin-binding protein HPV E4 ex- 
pressed, then they appear as koilocytes. Koilocytotic 
atypia, while very often present, does not have to be seen 
to recognize a low-grade lesion. Every cytologist recog- 
nizes cells derived from the upper levels of a mild dys- 
plasia that meet the diagnostic criteria for dysplasia, yet 
do not have the characteristic perinuclear halo termed 
koilocytosis. Such lesions are just as HPV-associated as 
those that do have koilocytes, and the differences un- 
doubtedly represent temporal variation within the life 
cycle of a low-grade lesion. 

If viral gene expression is so tightly regulated, how do 
high-grade lesions develop? Hie sine qua non of high- 
grade dysplasia is morphologic evidence of basal-like 
cell proliferation. In these cells, the coordinate link be- 
tween differentiation and viral early gene expression is 
lost. How this occurs is unclear, although it certainly 
must be a rare event(s) given the relative frequency of 
low Vs. high-grade lesions. Potential mechanisms might 
include viral integration or mutations in HPV E2, such 
that E2-controlled regulation of E6/E7 expression is lost. 
In such cases, the viral oncogenes E6 and E7 are inap- 
propriately expressed in a population of cells that retain 
the capacity to divide, thereby initiating cell prolifera- 
tion. As this population of cells proliferates, it overtakes 
the epithelium, producing lesions that are by definition 
characterized by less orderly squamous maturation and 
basal-like cell overgrowth. Possible promoters of this 
process could be smoking, other viruses, random muta- 
tion, etc. The relative infrequency of these effects is bio- 
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logically manifest by the latency and relative rarity of 
HSILs vs LSILs. Progression to the proliferative pheno- 
type occurs most frequently, albeit not exclusively, with 
high-risk viral types, and results in the high-grade squa- 
mous intraepithelial lesions also called moderate squa- 
mous dysplasia, severe squamous dysplasia, or squa- 
mous carcinoma in situ. Thus, the Bethesda system's 
break between low-grade vs. high-grade follows in part 
from the biologic changes manifest between these mor- 
phologies. Indeed, from the standpoint of epithelial bi- 
ology, there is little rationale for separating moderate 
from severe dysplasia in that the critical break occurs 
between mild and moderate dysplasia, with the switch to 
a proliferative as opposed to a differentiated phenotype. 

In high-grade squamous intraepithelial lesions, the 
proliferating basaloid cells, driven by E6/E7 overexpres- 
sion, are at much greater risk for the acquisition of ad- 
ditional genetic errors, clonal selection, etc., perhaps un- 
der the influence of the same external mutagens and/or 
host genetic predisposition, which further promotes the 
development of the fully malignant phenotype, most of- 
ten an invasive squamous cell carcinoma. The different 
subtypes of squamous cancer are probably related to the 
multistep and somewhat random nature of the process. 
The proportion of different types just reflects the relative 
likelihood of different genetic pathways to a "successful" 
cancer, in part modulated by the microenvironment in 
which the lesion develops. Hence, early observations that 
keratinizing cancers are often more ectocervical than 
large cell-nonkeratinizing or small cell malignancies, 
which tend to originate higher in the endocervical canal, 
have some contemporary validation. 

Given this model for cervical squamous neoplasia, one 
still needs to account for glandular and small cell neu- 
roendocrine neoplasms. Of course, reserve cells that are 
already committed to glandular differentiation are, be- 
cause of a lack of an appropriate differentiation environ- 
ment, not going to be productive of virions. The produc- 
tive viral life cycle requires the cellular milieu of orderly 
squamous differentiation. If this is true, then viral infec- 
tion in cells committed to glandular differentiation most 
often results (from the viral standpoint) in an abortive or 
latent infection of morphologically normal endocervical 
cells; Rarely, dysregulation of viral early gene expres- 
sion occurs in these usually nonpermissive cells. This 
leads to hyperproliferative lesions of glandular cells, 
which pathologists recognize as severe endocervical dys- 
plasia/adenocarcinoma in situ (AIS). There is no biologic 
correlate in this model of a low-grade glandular dyspla- 
sia. Hence, this explains the inability of pathologists to 
reproducibly recognize, either cytologically or histologi- 
cally, a clinically meaningful lesion less severe than what 



most call AIS. HPV-18 seems to be more successful at 
inducing this in glandular cells than HPV-16. Perhaps 
this is because HPV-18 has a greater disposition to inte- 

' grate into the genome and perhaps because it may have 
some preference for cells predisposed to other than squa- 
mous differentiation. Parenthetically, little if anything is 
known about the mechanism of HPV-type-specific cel- 
lular tropism. However, no HPV type can be exclusively 
trophic for nonsquamous cells, because if this were so, 
that strain of virus would be eliminated from the popu- 
lation. Depending on the genetic switches that over time 
accompany virally induced glandular proliferations, the 
outcome may be an invasive adenocarcinoma, most often 
endocervical, but less frequently of another type, e.g., 

. endometrioid, clear cell, etc. The relative frequencies of 
the different types of cervical adenocarcinomas again 
may just reflect the relative frequency of the different 
populations committed toward various types of differen- 
tiation. Essentially identical arguments may be made for 
the development of small cell neuroendocrine carcino- 
mas, tumors that ard almost always associated with HPV- 
18 and whose low incidence probably reflects the rela- 
tive abundance of a susceptible neuroendobrine- 
committed precursor cell population and the rarity of 
"successful" viral induction of cell proliferation in such 
cells. None of the above precludes alternative pathways 
of carcinogenesis unrelated to HPV (105,138,139). How- 
ever, in the uterine cervix, the ubiquity of HPV infection 
is the predominant force driving neoplastic development 
Fortunately, when compared to the high prevalence of 
the virus, progression is an extremely rare occurrence. 

HPV SCREENING 

As noted earlier, the estimated overall HPV preva- 
lence in the U.S. target population is approximately 20%. 
The prevalence varies greatly with age. For female ages 
20 to 29, the prevalence is probably 40 to 50%, and this 
decreases by 50% for each decade of age until a back- 
ground level of around 5% is reached. These data have 
implications for a brief discussion about the utility of 
human papillomavirus testing as a screening procedure. 

By now it should be clear that virtually all lesions 
encompassed by the term "cervical neoplasia" are HPV- 
associated. The epidemiologic and molecular evidence 
supporting this finding has been presented and is hope- 
fully convincing. Furthermore, virtually 100% of inva- 
sive carcinomas from around the world have been shown 
to be associated with a limited spectrum of HPV types 
(135,140-142). 

Given the strength of these associations, an obvious 
question is whether screening for HPV using some sort 
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of molecular diagnostic would be superior for selecting 
the population at risk for cancer development (143-147). 
The answer to this apparently simple question is unfor- 
tunately complex. Part of the problem is technical. 
Which HPV test should be used? HPV testing, as all 
molecular diagnostics, is continually evolving 
(144,145,148-152). Until recently, there has been only 
one commercially available FDA approved test for 
HPVs, the Hybrid Capture Tube test (HCT) marketed by 
Digene Diagnostics (Gaithersburg, MD). The sensitivity, 
specificity, and predictive values of the "tube" test with 
a 10 pg/ml cutoff value for a group of 11 to 13 high-risk 
viruses have been well-characterized (152-154): Com- 
pared to PCR analysis using LI consensus primers, the 
HCT has a lower sensitivity. However, the HCT is more 
specific for the presence of clinically detectable cervical 
abnormalities compared with PCR, which because of its 
higher sensitivity, picks up a significantly higher popu- 
lation of patients without clinically detectable disease. 

As noted above, molecular technologies continue to 
evolve. The newest version of the Hybrid Capture test 
(HC II, approved in March 1999) is relatively semiauto- 
mated, uses a microtiter format, and has up to 50 times 
the analytic sensitivity of the current test. Whether the 
improved sensitivity is of clinical benefit gready depends 
on whether one is using the test for screening vs. diag- 
nosis/triage and the population characteristics. The inter- 
play between sensitivity, specificity, and disease preva- 
lence needs to be considered when evaluating the utility 
of any test Likewise, PCR/amplification technologies 
are rapidly evolving. In addition, the expanding sequence 
database of all relevant human papillomaviruses makes it 
likely that the new powerful *T>NA-chip" technologies 
may possibly replace or augment current HPV testing 
methods. 

Might HPV testing be a better screening method? This 
question has been most thoroughly examined by workers 
in the Netherlands who have proposed using an ex- 
tremely sensitive PCR-based method as the first step in a 
cervical cancer screening program (155-157). If one 
were designing a cervical cancer screening program from 
scratch, this approach makes a tremendous amount of 
sense. Nearly 100% of the pathology of interest is HPV- 
positive. Conversely, if after using a sufficiently sensi- 
tive screening test an individual were not HPV-positive, 
the incidence of disease would be so low as to make 
screening nearly worthless. Combining the high preva- 
lence of human papillomaviruses in the pathology of 
interest with the relatively long time frame from acqui- 
sition of infection until the development of the target, 
cervical cancer, immediately brings the relative value of 
initial triage based on HPV status into focUs. The lower 



the prevalence of HPV in the population to be screened, 
the better the performance profile of an extremely sen- 
sitive HPV screening test For instance, the incidence of 
cervical cancer in women under 25 to 30 years of age is 
extremely low, and the prevalence of HPV in the United 
States drops from approximately 40% at age 20 to 10 to 
20% at ages 30 to 40 (or as low as 4 or 5% at age 30, as 
it is in the Netherlands). Under these conditions, it may 
not make sense to spend resources on screening young 
women, most of whom develop only transient, low-grade 
lesions. The Dutch proposal seeks to screen the entire 
population at age 30 with the most sensitive available 
HPV test, combined with a single cytologic screening. 
Patients who are positive on either test would be entered 
into a program of more intense routine screening, 
whereas the "double negative" patients would be re- 
turned to the general population pool that would be then 
screened on the long-interval basis of 5 to 10 years. 
Again, if the prevalence of detectable virus is low and the 
disease prevalence is also low, such a system makes for 
extremely rational triage and resource utilization. The 
arguments become even stronger if the cost and reliabil- 
ity of the HPV test becomes comparable to cytologic 
methods. Indeed, in some recent studies, HPV testing 
seems more reliable than the Pap smear due to superior 
sensitivity in identifying patients with cervical abnor- 
malities. For instance, a large, recently published triage 
study of ASCUS patients evaluated Hybrid Capture II 
testing for "oncogenic** HPVs vs. repeat smear as an 
index for colposcopic referral (158). The sensitivity for 
HSIL+ in the HPV testing arm was 89.2% with a speci- 
ficity of 64.1%. In contrast, the sensitivity for repeat Pap 
smear was 76.2%. This difference approached statistical 
significance. This and other studies strongly suggest that 
HPV testing will evolve into routine clinical practice. 
Furthermore, prospective studies addressing a rational 
basis for HPV primary screening are needed and planned 
in the Netherlands and at other sites. Whether such a 
program could be tested in the United States is debatable 
given the relative mobility of the U.S. population and the 
strongly ingrained emphasis on annual Pap smear screen- 
ing. 

HPV VACCINES 

The recognition that human papillomaviruses are the 
primary etiologic agent for cervical cancer strongly 
raises the possibility of the use of HPV vaccines both for 
the potential treatment as well as prophylaxis of cervical 
cancer (23,159^167). A successful prophylactic HPV 
vaccine could virtually eliminate the nieed for cervical 
cancer screening programs. This admirable long-term 
goal is just possibly coming into reach. 
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The multiplicity of viral types in the cervix is a prob- 
lem for vaccine development It is unclear whether im- 
munity to any specific type provides cross-reactive im- 
munity to other types. Thus, the ultimate vaccine may . 
likely be a complex polyvalent mature. Until recently, 
the lack of an abundant source of HPV antigens has 
markedly impeded vaccine development However, re- 
combinant methods capable of generating virus-like par- 
ticles containing the HPV LI and L2 capsid proteins 
have been the major technical advance promoting HPV 
vaccine development Studies performed in animals re- 
veal consistent and promising findings for the develop- 
ment of a prophylactic HPV vaccine. Vaccines devel- 
oped in rabbits, cows, and dogs all show great promise. 
Canine oral papillomaviruses (COPVs) are effectively 
prevented by intradermal injection in the footpad of ei- 
ther a formalin-inactivated COPV wart extract or COPV 
LI virus-like particles. Immunization of approximately 
60,000 beagles over a 3-year period resulted in complete 
protection against naturally acquired COPV-induced 
warts. 

Approximately 80% of HPV cancers are associated 
with a limited type spectrum of HPV-16, -18, -31, and 
-45. Several vaccine trials, most initially targeting HPV- 
16, are undergoing Phase I and Phase n testing. Obvi- 
ously, the long natural history of both HPV infection and 
cervical cancer, together with the fact that the optimal 
target population involves young people, before the onset 
of sexual activity, complicates the development of such 
vaccines. However, the potential success of an HPV vac- 
cine program could produce the first example of true 
cancer prophylaxis, and ultimately lead to the elimina- 
tion of the entire cervical cytology screening system. 
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Normal Keratinization^a Spontaneously Immortal^ 
Aneuploid Human Keratinocyte Cell Line 
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Abstract. In contrast to mouse epidermal cells, hu- 
man skin keratinocytes are rather resistant to transfor- 
mation, in vitro. Immortalization has been achieved by 
SV40 but has resulted in cell lines with altered 
differentiation. We have established a spontaneously 
transformed human epithelial cell line from adult skin, 
which maintains fall epidermal differentiation capacity. 
This HaCaT cell line is obviously immortal (>140 pas- 
sages), has a transformed phenotype in vitro (clono- 
genic on plastic and in agar) but remains nontumori- 
genic. Despite the altered and unlimited growth 
potential, HaCaT cells, similar to normal keratino- 
cytes, reform an orderly structured and differentiated 
epidermal tissue when transplanted onto nude mice. 
Differentiation-specific keratins (Nos. 1 and 10) and 
other markers (involucrin and filaggrin) are expressed 
and regularly located. Thus, HaCaT is the first perma- 
nent epithelial cell line from adult human skin that ex- 



hibits normal differentiation and provides a promising 
tool for studying regulation of keratinization in human 
cells. On karyotyping this line is aneuploid (initially 
hypodiploid) with unique stable marker chromosomes 
indicating monoclonal origin. The identity of the 
HaCaT line with the tissue of origin was proven by 
DNA fingerprinting using hypervariable minisatellite 
probes. This is the first demonstration that the DNA 
fingerprint pattern is unaffected by long-term cultiva- 
tion, transformation, and multiple chromosomal altera- 
tions, thereby offering a unique possibility for un- 
equivocal identification of human cell lines. 

The characteristics of the HaCaT cell line clearly 
document that spontaneous transformition of human 
adult keratinocytes can occur in vitro and is associated 
with sequential chromosomal alterations, though not 
obligatorily linked to major defects in differentiation. 



Gells from several normal tissues of rodent origin can 
be malignantly transformed in vitro by various agents 
and can also undergo spontaneous neoplastic conver- 
sion after variable periods in culture (Sanford and Evans, 
1982) Human cells have been found to be rather resistant m 
this respect (DiPaolo, 1983; for further references see Barrett 
and Tennant, 1985). The differences between human and ro- 
dent cells in their sensitivity to transforming agents in vitro 
have been attributed to several discriminating species-related 
factors such as natural life span, degree of inbreeding, and 
genetic stability. Since the incidence of neoplastic transfor- 
mation in different species appears to correlate with the fre- 
quency of spontaneous chromosomal aberrations, the low in- 
cidence of complete transformation of human cells in culture 
has been mainly ascribed to the higher stability of the human 
genome (Sager et al., 1983; Kano and Litde, 1985). 

To date, transformation of human keratinocytes has only 
been achieved reproducibly by infection with simian vi- 
rus-40 (SV40) or transfection with its isolated DNA (Stein- 
berg and Defend, 1979; Taylor-Papadimitriou et al., 1982; 
Banks-Schlegel and Howley, 1983; Brown and Parkinson, 



1984; Rhim et al., 1985) resulting in potentially immortal- 
ized but nontumorigenic cell lines. These cells exhibited al- 
tered growth properties and substantial reduction of normal 
keratinization as well as partial reexpression of fetal charac- 
teristics (Banks-Schlegel and Howley, 1983; Steinberg and 
Defendi, 1983; Bernard etal., 1985). From these findings, 
as well as those from skin carcinoma cell lines (Rheinwald 
and Beckett, 1980; Tilgen et al. , 1983; Boukamp et al. , 1985) 
and from human tracheal and skin epithelial cell lines malig- 
nantly transformed in vitro using viruses or viral genes 
(Rhim et al., 1985; Yoakum et al., 1985), it has been con- 
cluded that deficiencies in differentiation are invariably as- 
sociated with transformation and/or malignancy. 

In contrast, we have demonstrated with spontaneously 
transformed mouse cells that immortality as well as malig- 
nancy can be compatible with a largely preserved differentia- 
tion potential and sensitivity to appropriate environmental 
signals (Breitkreutz etal., 1986; Fusenig et al., 1985; Boh- 
nert et al., 1986). To explore whether this is also the case 
for transformed human keratinocytes, and to exclude virus- 
related effects on differentiation, we attempted to promote 
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spontaneous transformation in h^Tn skin keratinocytes by 
a variety of different culture conditions. Spontaneous trans- 
formation in vitro, including malignant progression of hu- 
man cells, has been observed only rarely, even when cells 
were derived from cancer-prone patients (Azzarone et al., 
1976; Danes and Sutano, 1982; Mukherji et al., 1984; Thiel- 
mannetal., 1983; Revoltella et al., 1986). During prepara- 
tion of this paper another case of spontaneous transformation 
of human keratinocytes has been published (Baden et al., 
1987a) using neonatal foreskin cells supposedly derived from 
a genetically affected individual. 

Various methods for the propagation of human epidermal 
cells in vitro have been reported in recent years, mainly using 
irradiated 3T3 cells as feeder layers (Rheinwald and Green, 
1975) or other modified culture conditions (e.g., Eisinger et 
al., 1979; Peehl and Ham, 1980; for review see Fusenig, 
1986). The forced stimulation of proliferation achieved by 
these conditions and the presence of aneuploid transformed 
heterologous cells might not be optimal for transformation 
studies. Our experiments with mouse keratinocyte cultures 
have shown that spontaneous transformation to immortality 
and finally malignancy was best and most reproducibly 
achieved under conditions where cells could be successfully 
maintained in primary culture for long-term periods (Fuse- 
nig et al., 1982, 1985). 

Using this approach we describe herein the spontaneous 
development of a cell line (HaCaT) from a long-term pri- 
mary culture of human adult skin keratinocytes. These cells 
can be considered immortal (>140 passages), reveal a heter- 
oploid stemline with specific stable marker chromosomes, 
but are not tumorigenic. Even after multiple passages HaCaT 
cells retain a remarkable capacity for normal differentiation 
and thus offer a suitable and stable model for keratinization 
studies. Moreover, this, line could be reproducibly trans- 
fected with the activated human Ha-ras oncogene. Selected 
clones gave rise to highly differentiated benign epidermal 
cysts and/or squamous cell carcinomas in nude mice (Fuse- 
nig etal., 1987; Boukamp, P., D. Breitkreutz, E. Stanbridge, 
p Cerutti, and N. E. Fusenig, manuscript in preparation). 

Materials and Methods 
Cell Isolation and Cultivation 

Full thickness adult human body skin was obtained by surgical excision, in 
the case of HaCaT from the distant periphery of a melanoma located on the 
upper half of the back (not extensively sun-exposed) of a 62-yr-old male pa- 
tient. The histology of the epidermis from the skin specimen obtained in 
a second "safety" operation at the primary melanoma site showed no appar- 
ent anomalies. For cell isolation, skin was freed from fat and as much 
dermis as possible, cut into I cm 2 pieces, and placed on a 0.2% trypsin so- 
lution (1*250- Boehringer Mannheim, Mannheim, Federal Republic of Ger- 
many) in PBS without Mg J+ and Ca 2+ at 4°C for 24-72 h depending on the 
thickness of the skin. Epidermis and dermis were then separated and cells 
isolated from both parts since the split level varied with different specimens 
(never located only at the basement membrane). Both cell fractions released 
from epidermis and dermis were pooled in complete culture medium of 4x 
MEM (a modified MEM, containing a fourfold concentration of aminoacids 
and vitamins, plus 15% heat-inactivated FCS and antibiotics; Fusenig and 
Worst, 1975), filtered through nylon gauze (100- urn mesh width), cen- 
trifuged, resuspended in complete culture medium, counted (Coulter 
counter; Coulter Electronics, Krefeld. FRG) and seeded at a density of 1.5 
x 10 6 cells per 30-mm plastic petri dish (Falcon Labware, Oxnard CA) in 
medium containing ~ 1. 4 mM Ca 2+ (high Ca 2+ 4x MEM). When islands 
had formed (by 5 d after plating) the Ca 2+ concentration was reduced to 
~0.2 mM (low Ca :+ 4x MEM) by using Ca^-free 4x MEM. 5% FCS, 



and 5% chelcx-treateo^pr* free) FCS according to Hennings et al. 
(1980). Ca 3 * concentrations were determined by atomic absorption. All 
media contained antibiotics (penicillin, 100 U/ml; streptomycin, 50 ug/ml). 
Cells were routinely cultured at 37 or 38.5'C in gassed (95% air and 5% 
C0 2 ) humidified incubators. Subcultures were obtained by disaggregating 
the cells with 0,1% trypsin/EOTA solution (final concentration) in 
Ca^/Mg^-free PBS and replating at high cell density (1:2). Later passage 
cells were split at a ratio of 1:5 arid eventually 1:10-1:20. 

DNA Fingerprinting 

DNA was isolated from tissue, cultured cells, or peripheral blood by stan- 
dard techniques. Digestion with Hinf I (Bethesda Research Laboratories, 
Gaithersburg, MD), agarose gel electrophoresis. Southern blotting, and hy- 
bridization with the hypervariable minisatellite probes 33.15 or 33.6 were 
performed as described by Jeffreys et al: (1985). 

Growth Behavior In Vitro 

Colony-forming Efficiency on Plastic. I0 3 cells were seeded per 60 mm 
dish (five dishes per experiment). After 2-4 wk incubation at 37°C or 
38.5°C, respectively, the cultures were fixed in formalin (3.7% in PBS), 
stained with hematoxylin and Rhodamine, and the colonies counted macro- 
scopically. Cloning efficiency was expressed as percentage of counted colo- 
nies to the total number of plated cells. 

Population Doubling Time, Growth curves were plotted over a 7-d 
period. I x 10 5 of normal keratinocytes or 5 x 10* HaCaT cells were 
plated per 35-mm dish and three dishes were counted at daily intervals. 

Cytogenetic Analysis 

Semiconfluent cultures were treated for 2 h at 37°C with medium containing 
0.04 to 0.08 ug/ml colcemid. The cells were detached by subsequent treat- 
ment with 0.1% EDTA (5-8 min) and EDTA/trypsin (1/1, 0.2% each; 5-8- 
min), centrifuged, and the cell pellet resuspended in a hypotonic solution 
of 75 mM KG. After incubation for 10-15 min at room temperature, cells 
were fixed by three changes of methanol/acetic acid (3:1)* spread on glass 
slides, and G-banding carried out after 2-3 wk as described (Boukamp et 
al., 1982). Usually 100 metaphases were analyzed microscopically and at 
least 20 karyograms constructed. 

Growth and Differentiation Behavior In Vivo 

Tumorigenicity Test. Tumor formation was assayed after subcutaneous in- 
jection of up to 5 x 10 6 cells in 100 ul culture medium into the interscapu- 
lar region of 4-6-wk-old nude mice (BALB/c nu/nu backcrosses) over an 
observation period of at least 6 mo. 

Transplantation of Cell Suspensions onto the Muscle fascia. 1 x 10 6 
normal keratinocytes or 5 x 10 s HaCaT cells in 200 ul complete culture 
medium were transplanted onto the muscle fascia at the interscapular region 
of 6-wk-old nude mice as described (Boukamp et al.,' 1985). Briefly, a hat- 
like silicon transplantation chamber (Renner GmbH, Darmstadt, FRG) was 
inserted by an incision of the back skin and kept in place by tightly fixing 
the wound margins of the skin with wound clips. The cell suspension was 
seeded to the graft site by direct injection through the chamber. For histol- 
ogy or cryostat sections transplants were excised at weekly intervals and ei- 
ther fixed in buffered formalin or embedded in Tissue Tec (Lab Tec Prods, 
Naperville, IL) and snap frozen in liquid nitrogen, respectively. 

Transplantation on Collagen Gels 

Alternatively intact cultures grown on collagen substratum were trans- 
planted essentially as described for mouse keratinocytes by Worst et al. 
(1982). Collagen type I from mouse tail tendon (lyophilized acetic acid ex : 
tracts adjusted to 3 mg/ml) was gelled (300 uJ) in the silicone culture cham- 
bers (Renner GmbH) by exposure to ammonia vapor (1.9% ammonia, 1 h) 
as described previously (Fusenig etal., 1982; Bohnert etal., 1986) and fixed 
with glutaraldehyde (4% for 1 h). After extensive washes in PBS and com- 
plete culture medium, 2 x 10 s cells in 200 ul medium were seeded. The 
chambers were placed in Stanzen petri dishes (Greiner uS, Nurtingen, FRG) 
providing free medium access from below, and incubated at 37°C in a hu- 
midified gassed atmosphere. After 24 h cultures were rinsed and the 
medium covering the cells was drained. The chamber was covered with the 
hatlike transplantation chamber and the complete unit was transplanted onto 
the muscle fascia as described above. 
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Indirect Immunofluorescence 

eryosial sections' of 5-7 urn were airnlried ano^bated. wUh ihc antisera 
listed below for 45 min at room temperature, as described by Boukamp et 
nl 11985) The antiserum against human involucrin was raised in rabbits 
?Watt 1984) and kindly provided by Dr. Fiona Watt (Kennedy Institute of 
Rheumatology UCRF1, London, United Kingdom). The rabbit antiserum 
Winst rat filaggrin (Scott and Harding, 1986). which cross-reacted with the 
SS^ a gift from Dr. Jan Scott (JCRF, Unilever Research, 
Colworth Uboratory. Bedford. U.K.). The monoclonal antibody identify.ng 
baXlls <f*b 421; Leigh «r«l„ 1985) was kindly provided^ Dr. Birgi 
Lane (London. UK). A rabbit antibody directed against the COOH-termmal 
sequence of the acidic 58K mouse keratin (corresponding to human No. 
10/11' Roopetal 1984) cross-reacting with the human 57Ksuprabasalkera- 
t in was donated by Dr. Dennis Roop (Natjonal Cancer Institute. Bethesda. 
MD) After several washes in PBS sections were labeled with the respective 
second antibodies, all purchased from Miles-Yeda (Rehovot, Israel), for an 
additional 45 min, washed in PBS and Tris-HCl buffer (pH 8.5), embedded 
in Aqua mount (Lerner Laboratories. New Haven. CT), and viewed under 
a Zeiss inverted microscope (IM 35) equipped with epifluprescence optics. 

Protein Analysis 

Transplants of HaCaT cells and normal human adult keratinocytes (both on 
glutaraldchyde-fixed collagen gels) were dissected and the epidermal tissue 
mechanically removed after incubation in 10 mM EDTA at 4°C for 3 h 
Cytoskeletal proteins were prepared by sequential extraction using low and 
high salt buffers containing nonionic detergent (Triton X-100) at 4°C follow- 
ing our previous protocol (Breitkreutz et ai., 1984. 1986). Briefly, all sam- 
ples were homogenized at least twice in high salt buffer and cytosketetons 
were thoroughly washed in low salt buffer and extracted in 1% SDS sample 
buffer (25 mM dithioerytritol. 0.5 mM MgCl 2 , 20 mM Tris-HCl, pH 7.4). 
The samples were first homogenized on ice (glass-glass homogemzer. potter 
type) heated for 20 min at 90°C, homogenized once more, and after a 2-h 
extraction, cleared by centrifugation (40,000 g for 30 min at 22°C). 

Two^iimensional Gel Electrophoresis. Samples dissolved in 1% SDS 
sample buffer were adjusted to 9.5 M urea and diluted with 2 vol sample 
dilution buffer (containing 9.5 M urea, 4% NP-40. 5 % mercaptoethanol and 
3% ampholines (pH 5-8; LKB Produkter AB. Bromma, Sweden) as de- 
scribed previously (Bowden et al., 1984). Separation in the first dimension 
was achieved by nonequilibrium pH gradient electrophoresis (NEpHGE) in 
tube gels using a wide ampholine range (pH .2-11) for 3,000 volthours CVh). 
The gels were equilibrated in buffer containing 50 mM Tns-HCI, pH 6.8, 
1%SDS 1 mM EDTA, and 0.5% mercaptoethanol and separated in the sec- 
ond dimension by SDS-PAGE (7.5-17.5% polyacrylamide gradients, see 
Bowden et al., 1984). 



Results 

Development of the HaCaT Cell Une 
Keratinocytes from full thickness adult human skin were 
generally isolated by separation of epidermis and dermis 
with trypsin at 4°C (Kitano and Endo, 1977) and plated at 
high cell density without a 3T3 feeder layer. In the case of 
the HaCaT cells, a histologically normal male skin specimen 
was obtained from the distant periphery of a melanoma (sec- 
ond excision). The cells were plated in high Ca 2 ^ 4x MEM 
in 12 35-mm dishes with 1.5 X 10 6 cells in each. Since 
long-term growth in primary culture (without passaging) was 
optimal in low Ca 2+ medium (0.2 mM), probably due to a 
marked reduction in terminal differentiation, six cultures 
were shifted to low Ca 2+ medium 5 d after plating. More- 
over, elevation of culture temperature (e.g., 38.5°C) had pre- 
viously been shown to increase proliferative activity and to 
prolong the average life span from 2 up to 3 mo. Thus, all 
dishes were further propagated at 38.5°C. 



I. Abbreviation used in this paper. NEpHGE, nonequilibrium gradient 
electrophoresis. 



In one culture grown^^pw Ca 2+ 4x MEM at 38.5°C, a 
colony continued to prd^Ate beyond 3 mo and by 5 mo af- 
ter plating had nearly covered the dish. Subculturing with 
routine methods (EDTA/trypsin) was unsuccessful, but cells, 
detached by vigorous pipetting, reattached after transfer to 
a new dish and grew to confluency within 4-6 wk. From this 
first subculture cells could subsequently be passaged by tryp- 
sinization but proliferation strictly depended on plating at 
high cell density (split ratio 1:2). By the fourth passage, cell 
density was no longer critical to maintenance of satisfactory 
proliferation. The resulting cell line was designated HaCaT 
to denote its origin from human adult skin keratinocytes 
propagated under low Ca 2+ conditions and elevated temper- 
ature. 

Morphologic differentiation of skin keratinocytes in cul- 
ture, visible as stratification and squame formation, was usu- 
ally* most prominent in high Ca 2+ medium with focal ker- 
atinization in subconfluent cultures. In low Ca 2+ medium, 
cultures predominantly remained as monolayers with single 
cells (mostly cornified envelopes) shed into the medium as 
described earlier by Hawley-Nelson et al. (1980). Addition- 
ally, cell morphology changed from densely packed polygo- 
nal cells in high Ca 2+ medium (Fig. 1 A) to a more hetero- 
geneous pattern with elongated loosely arranged cells in low 
Ca 2+ medium (Fig. 1 B). 

The HaCaT cells when maintained under the initial condi- 
tions (low Ca 2+ , 38.5°C), displayed an intermediate pheno- 
type of polygonal cells interspersed with giant often mul- 
tinucleated cells (Fig. 1 C) and single cornified envelopes. 
When the calcium level was raised (to 1.4 mM) the cultures 
readily stratified and formed coherent horn sheets, In con- 
trast to their untransformed counterparty, however, the cells 
continued to proliferate (Fig. 1 D) although at a lower rate. 
With subsequent passages stratification and horn sheet for- 
mation steadily decreased but could be reinduced in trans- 
plants in vivo (see below). The epithelial nature of die cells 
under both culture conditions was confirmed by im- 
munofluorescence with antibodies against cytokeratin as well 
as by their keratin profiles on one- and two-dimensional 
polyacrylamide gels (data not shown). Vimentin expression 
could not be detected by either method. 

Altered Regulation of Proliferation 

After prolonged cultivation HaCaT cells gradually escaped 
from environmentally modulated growth control in vitro and 
eventually became autonomous, i.e., capable of clonal 
growth under various culture conditions. During propaga- 
tion for more than 140 passages (undergoing at least 600 
population doublings) no obvious crisis was noticed. 

The HaCaT cells did not show contamination with myco- 
plasms when tested at regular intervals with cytochemical 
technique (Dapi) for demonstration of DN A in infected cells. 
Similarly, no expression of SV40 large T antigen could be 
detected by immunofluorescence and Southern blot analysis 
under low stringent conditions excluded the presence of 
human papilloma virus (HPV) sequences in the HaCaT cells 
(M. Durst, personal communication). 

When first tested (at passage 5) HaCaT cells already ex- 
hibited altered growth properties compared with normal ker- 
atinocytes and were able to grow at clonal densities (10 3 
cells per 60 mm dish, see Table I). However, at that early 
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sta*e the cells were still very sensitive to modifications of the 
original culture conditions (0.2 mivl Ca 2+ , 38.5°C). Reduc- 
tion of the culture temperature (to 37°C) or elevation of the 
Ca 2+ level (to 1.4 mM Ca 2+ ) resulted in a drastic decrease in 
cloning efficiency and a prolonged population doubling time. 
Around the tenth passage cells developed complete indepen- 
dence of both Ca 2+ concentration and temperature. With 
further passages, however, cloning efficiency and growth rate 
did not change significantly. 

The ability to grow in soft agar appeared to be a relatively 
late event and was first noticed at passage 18 although with 
a low efficiency that subsequently remained unchanged. 
Agar colonies were viable as judged by staining and replating 
of selected clones. 

Although the HaCaT cell line exhibited a transformed 
phenotype in vitro, was clonogenic on solid and in semisolid 
substrata, and presumably immortalized, cells were neither 
tumorigenic after subcutaneous injection (up to passage 100, 
so far tested) nor invasive in a more sensitive transplantation 
assay (see Boukamp et al., 1985). Small nodules that devel- 
oped shortly after injection regressed within 3-6 wk and late 
recurrences were not seen within 12 mo of observation. 

Cytogenetic Characteristics 

The chromosomal constitution of HaCaT cells was followed 
during propagation, starting with passaged, when the cells 
had been in culture for a total of 8 mo. At this early stage 
distinct numerical and structural karyotypic alterations were 



obvious (Table II). The majority of cells were hypodiploid 
with an average of 44 chromosomes resulting from full Or 
partial monosomies of chromosomes involved in the forma- 
tion of marker chromosomes. All metaphases had the XO sex 
chromosome constitution (lacking the Y chromosome) and 
were partially monosomic for the short arm of chromosome 
Nos. 3, 9, and 4 (later monosomy of whole No. 4) while tri- 
somic for the long arm of No. 9 (due to i[9q]). Three in- 
dividual marker chromosomes (Ml, t(3q4q); M2, i(9q); and 
M3, del(4q28)) were present in 100% of the metaphases and 
clearly indicated the clonal origin of this line (Fig. 2 A). 
Moreover, these individual cytogenetic characteristics ex- 
cluded cross-contamination with other human cell lines de- 
veloped and/or used in our laboratory. 

Starting at passage 5 a hypotetraploid stem line evolved 
with a range of 72-88 chromosomes (including duplication 
of the early markers) and a fourth marker chromosome (M4 
[4pl8q]) appeared, replacing M3 (Fig. 2 B), These cytogenetic 
alterations were apparently linked to changes in growth con- 
trol, indicated by improved adaptation to growth under modi- 
fied' culture conditions. With further passages additional 
markers developed, mainly involving chromosome Nos. 1, 
6, 15, 17, and 22. However, these late structural aberrations 
were found in only 15-50% of metaphases. 

Identity of HaCaT Cell and Donor DNA 

To prove the origin of the HaCaT cell line from the original 
donor and to exclude cross-contamination with other human 
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Table I. ' ' T -"- " fth " "<> r « TC *"m to Autmmnous Growth during in Vitro Propa^m 



Culture 
passages 



Culture 
temperature 



Kg efficiency 
on plastic 



Population 
doubling linve 



loonor 



11 

15 
18 
29 
37 
48 
81 



°C 

38.5 

37 

38.5 

37 

37 

37 

37 

37 

37 

37 

37 



.% 

7.5 
0.9 
ND 

7.8 
10.8 
ND 
. 14.2 
13.3 
13.2 
ND 



26 (0.2 mM Ca* 

50 

38 

39 

ND 

22 

ND 

ND 

23 

23 

21 



fng efficiency 
in soft agar 



ND 
ND 

ND 

0.24 
0.27 
0.27 
0.36 
ND 



Tumorigcnicity 



ND 
ND 



* As tested in high Ca" 4x. MEM (1.4 mM) unless specified. 
ND. not done. 



cell lines (in addition to evidence from karyotyping), HaCaT 
cells at various passage levels were analyzed by DNA finger- 
printing (Jeffreys et al., 1985). Using the hypervariable 
minisatellite probes 33.15 and 33.6, we demonstrated the 
identity of the DNA fingerprints obtained from the donor tis- 
sue with that of the HaCaT cells. Moreover, despite the 
documented drastic cytogenetic changes during prolonged 
cultivation of the HaCaT cell line, the highly characteristic 
DNA fingerprint pattern remained unchanged from passages 
6-79 (Fig. 3). The results were absolutely reproducible and 
identical patterns were obtained in five independent analy- 
ses. For further confirmation, DNA fingerprints prepared 
from eight other cell lines (previously developed or grown 
in our laboratory, including HeLa) and two different patients' 
blood samples were all unique and showed no similarity to 
the pattern of the HaCaT cells (see Fig. 3). 

Growth and Differentiation Behavior In Vivo 
To date, complete differentiation of keratinocytes, including 
regular tissue organization and normal expression of differ- 
entiation products, has only been shown to occur under mes- 
enchymal influence (Worst et al., 1982; Lavker and Sun, 
1983; Breitkreutz et al., 1984, 1986; Bohnert et al., 1986; 
Fusenig, 1986). Thus, HaCaT cells were further analyzed for 
their differentiation potential after injection into or transplan- 
tation onto athymic nude mice. When injected subcutane- 



ously cells developed nodules that, with later passages, occa- 
sionally persisted over several weeks. Histological sections 
of these nodules revealed large encapsulated cysts often filled 
with horny squames, while the lining epithelium was rather 
thin or atrophic (data not shown). 

Similar encapsulated cystic structures were formed when 
suspensions of HaCaT cells were transplanted onto the sub- 
dermal muscle fascia as described for human skin carcinoma 
cells (Boukampet al., 1985). 1-2 wk after transplantation the 
lining epithelium of these cysts had developed a regular tis- 
sue architecture including stratum granulosum and corneum 
(Fig. 4 A). The living epithelium eventually degenerated, 
leaving behind a cyst filled with horny material. This growth 
and differentiation pattern, characteristic for all passage lev- 
els tested (up to 80), was very similar to that of transplanted 
normal human skin keratinocytes. 

When transplanted as intact cultures growing on glutaral- 
dehyde-fixed collagen gels, contact between keratinocytes 
and host tissue (supposedly leading to encapsulation of the 
epithelial cells) was prevented. Under these circumstances 
HaCaT cells reconstituted an almost perfect epidermis (Fig. 
4 B) similar to that formed by normal adult keratinocytes 
(Fig. 4 C). However, normal tissue architecture was only ob- 
served after a delay of 1-2 wk in HaCaT transplants, indicat- 
ing reduced sensitivity to environmental signals. With later 
passages the epithelium formed in vivo showed slight devia- 



Table II. Ch romosomal Changes of HaCaT Cells during Adaptation to Autonomous Growth In Vitro 

Numerical distribution (percent of metaphases) 



Passage no. 



2 
5 
11 
17 
33 
50 



Diploid 
(46) 



Hypodiploid 
(38-45) 



Hypotetraploid 
(72-88) 



Marker chromosomes* (percent of metaphases) 



10 
0 
0 
0 
0 
0 



90 
67 
58 
0 
0 
0 



0 
33 
42 
100 
100 
100 



Ml 


M2 


M3* 


M4t 


M5-M8§ 


100 


100 


100 


0 


b 


100 


100 


77 


23 


5 


100 


100 


70 


30 


8 


100 


100 


0 


100 


25 


100 


100 


0 


100 


toon 


100 


100 


0 


96 


1001 



• Ml t(3.4)(qter - qll:qll - qter), M2 i(9)(qter -* qI1:qll - qter) 

i Metaphases contained only either M3 or M4 alternatively . _ iv 

S M5: dup{l)(q 23.1 - 25.3);. M6: t(l5.22); M7: dup(6)(p22>: M8: dup(17)(q23. - q25.3) 
II Present in 47. 30. 30. and 15% and 

1 Present in 50, 30. 25. and 25% of the metaphases. respectively. 



M3 del(4)(q28 - qter). M4 (4.l8)(pter - pll:qll .- qter). 
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7 c \u « Kim » n »l^i< of DNA from tissue and cell samples hybridized with the hypervariable minisatellite probe 33.15. (lane 
Figure I- ^ e ™ N b | 0t i J£S ^na^ej); (lane b) lymphocyte DNA from an unrelated patient; (lane c) skin biopsy of 
a) and standard DNA ^ ™ u "™^^ < Vand 79, respectively; (lane A) HaSV cells, human keratiiiocyte line 

donor patient (EB); C el s; (lane fc) HaSV cells, passage 43; (lane/) SCL-I cells and 

" ? Sb^K SS£2 of the skin;' (lane «) TR 126 cells; (lane o) TRDrcells; flanegTR 
38 cet l^ ceHs (lanes n-q established from squamous cell carcinomas of the head and neck; see Boukamp et al., 1985). 



tions from regular tissue architecture and an increasing tran- 
sition from an ortho- to a parakeratotic stratum corneum 
(containing nuclear remnants). However, a distinct stratum 
granuiosum (usually restricted to orthokeratinization) was 
present in all transplants. 

Using other differentiation markers in an effort to further 
substantiate the histological findings, transplants of HaCaT 
cells at different passage levels were analyzed both biochem- 
ically and by immunofluorescence. Involucrin, a major 
precursor protein of the cross-linked envelopes in the stra- 
tum corneum, was clearly restricted to the upper flattened 
layers of the transplants (Fig. 4 D), a characteristic feature 
of long-term transplants of normal adult keratinocytes (Watt 
et al., 1987). Also filaggrin, the major component of kerato- 



hyalin granules, was detected in the two uppermost living 
layers (Fig, 4 £), i.e., the stratum granuiosum. Moreover, 
basal and suprabasal cell compartments were clearly distin- 
guishable (as in the epidermis) by a monoclonal antibody 
(Pab421) specific for epidermal basal cells (Fig. 4 F) t and by 
a polyclonal antibody specific for one of the epidermal 
suprabasal keratins (57 kD, No. 10/11 according to Moll et 
al., 1982; Fig. 4 G). . ■ 

These findings correlated well with keratin analysis by 
one- and two-dimensional gel electrophoresis (NEpHGE/ 
SDS-PAGE). When transplants of HaCaT cells (Fig. 5 A) 
were compared with those of normal cells derived from adult 
foreskin (Fig. 5 B) very similar patterns were observed. As 
in the human epidermis (adult thigh skin, Fig. 5 C) the 



M2, and M4 were present in two copies while M3 had disappeared. 
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Figure 4. Histological sections of 2-wk-old HaCaT transplants. (A) Suspensions of HaCaT cells, transplanted directly onto the muscle fascia 
of nude mice, develop cysts within the mouse mesenchyme (mm) with orderly stratified keratinizing epithelium. (B) HaCaT cells trans- 
planted as intact cultures on collagen substratum (c) form a regular epidermis comparable (C) to normal. skin keratinocytes. Immunofluores- 
cence of HaCaT transplants on collagen (D and E) and directly on the muscle fascia (Fand G). (D) Antiserum against human involucrin 
shows a membrane-bound reaction in the upper flattened living cell layers of the epithelium. (E) Filaggriri staining (spotlike fluorescence) 
apparent in the uppermost living cell layers corresponding to the keratohyalin granules of the stratum granulosurri. (F) The lowermost 
cell layer of the epithelium lining the cysts in the mouse mesenchyme (mm) is stained with a basal cell-specific monoclonal antibody 
(Pab421). The stratum corheum is unspecifically labeled by FITC. (G) The suprabasal cell layers of the epithelium are stained with sequence- 
specific polyclonal antibodies against the high molecular mass acidic 57-kD (No. 10) keratin. Bars: (A) 100 urn; (B t F t and G) 50 urn; 
(C A and E) 25 urn. 




suprabasal basic 68-kD and acidic^kD keratins (Nos. I 
and 10/11), as well as the basal basic^PcD and acidic 5l-kD 
keratins (Nos. 5 and 14, respectively) were strongly ex- 
pressed. Furthermore, both HaCaT and normal cell trans- 
plants maintained the hyperproliferative set of basic 58-kD 
and acidic 49-kD keratins (Nos. 6 and 16, respectively). Mi- 
nor components were keratin No. 4 (presumably) and No. 
13. Keratin Nos. 6 and 16 are regularly expressed in culture 
(together with the basal keratin pair and No. 17), but in 
epidermis only in the hyperplastic state (Sun et al., 1983). 
These observations are compatible with the general (hyper- 
plastic) morphology of transplants and consistent with previ- 
ous data on transplanted mouse keratinocytes (Breitkreutz et 
al., 1984, 1986). 

Keratin No. 13, abundant in foreskin and derived cultures 
but absent in adult epidermis, was prominent in HaCaT cul- 
tures (data not shown). Also present, although mostly in 
traces, were keratin Nos. 7, 8, 15, 18, and 19. These simple 
epithelial-type keratins were highly inducible by vitamin A 
in vitro but absent in transplants. Interestingly, in vitamin 
A-deprived cultures (delipidized serum) HaCaT cells ex- 
pressed keratin patterns comparable to those of transplants 
(our unpublished data). This further stresses the similarity 
of the differentiation behavior of HaCaT cells to that of nor- 
mal keratinocytes. Generally this keratinization pattern is in 
marked contrast to SV40-transformed keratinocyte lines 
where small or simple epithelial-type keratins such as 7, 8, 
and 18 or 19 clearly predominate (Bernard etal., 1985; Stein- 
berg and Defendi, 1983; Banks-Schlegel and Hawley, 1983; 
our unpublished observations) and where the suprabasal ker- 
atin pair is apparently not induced in vivo. 
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Discussion 

Herein we have reported the spontaneous transformation in 
vitro of human keratinocytes from histologically normal 
adult body skin. The apparently immortalized but highly 
differentiated cell line was named HaCaT to indicate the ori- 
gin and initial growth conditions (see Experimental Proce- 
dures). The line is clonal in origin as indicated by specific 
and stable cytogenetic markers, has a transformed phenotype 
in vitro but is not tumorigenic, and is noninvasive in vivo. 
This clearly demonstrates, in accord with earlier studies 
(Azzarone et al., 1976; Danes and Surano, 1982; Mukherji 
et al., 1984; Thielmann et al., 1983; Revoltella et al., 1986; 
Baden etal., 1987a, fc;Nagasawa etal., 1987), that spontane- 
ous transformation of human cells in vitro can occur, al- 
though the number of reported cases is still rather low. 

The relatively low success rate for transformation of hu- 
man cells in vitro has mainly been attributed to the higher 
genetic stability of human cells as compared with rodent 
cells (DiPaolo, 1983; Sager et al., 1983). Although detailed 
studies on chromosomal alterations using banding tech- 
niques are rare, it has been shown that cy togenetically abnor- 
mal clones in cultures of adult human skin fibroblasts are by 
no means uncommon (Littlefield and Mailhes, 1975; Ham- 
den et al. , 1976; Nagasawa et al. , 1987). Our preliminary ex- 
periments with normal human keratinocytes indicate that nu- 
merical (mainly polyploidizatioh) and nonspecific structural 
chromosomal changes are present in early and late primary 
cultures as well as subcultures (R, T. Petrusevska, unpub- 
lished observations). Other studies with cultured rat embryo 



Figure 5. Keratins expressed in cell transplants (A and B) and hu- 
man epidermis (C) separated on two-dimensional gels. In both 
transplants (A) of HaCaT cells and (B) those of normal human ker- 
atinocytes the suprabasal (68 kD, No. 1 and 57 kD, No. 10/11) and 
basal keratins (60 kD, No. 5 and 51 kD, No. 14) are present at about 
equal levels. In addition, the hyperproliferative set (58 kD, No. 6 
and 49 kD, No. 16) is expressed, which is generally lacking in nor- 
mal adult (thigh) epidermis (C). The varying degrees of turnover 
products (derived from keratin No. I, marked by small arrows; also 
from No. 10/U, indicated by some slight trailing to the right, arrow- 
head) between the transplants are also observed in normal 
epidermis of different individuals and/or depending on body loca- 
tion. The minor spots in the neutral range (A, possibly also B; 
marked 40 might represent some keratin No. 4 (assessed by co- 
migration, with authentic sample). Separation in the first dimension 
was achieved by NEpHGE (right to left) and in the second dimen- 
sion by SDS-PAGE (7.5-17.5% acrylamide gradient). Markers in- 
cluded are: B, BSA (68 kD, pi 64); P, 3-phosphbglycerate kinase 
(43 kD, pi 7.4); A, a-actin (42 kD, pi 5.4); 7, tropomyosin (36 and 
38 kD, pi 4.9). 



and monkey fibroblasts indicated that elevated temperature 
(as used here to establish the cell line) accelerates the occur- 
rence of (spontaneous) chromosomal aberrations (Marc- 
zynska et al. , 1980). We are currently investigating this effect 
in primary and low passage human keratinocyte cultures. 

The significance of chromosomal alterations in different 
stages in cell transformation is not yet fully established. The 
early appearance and the stability of the distinct cytogenetic 
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changes (particularly the un^Biced hypodiploidy) in the 
HaCaT cells strongly indicate^at they are essential for the 
early disturbances in growth control resulting in prolonged 
or unlimited life span. The subsequent occurrence of a 
hypotetrapioid HaCaT subclone and its correlation with im- 
proved growth capacity in vitro has also been previously ob- 
served in two human skin carcinoma cell lines (Tilgen et al., 
1983) and in transformed mouse keratinocyte lines (Fusenig 
et al., 1985). Therefore, polyploidization, which further 
contributes to genomic imbalance and altered gene expres- 
sion, may be crucial for the acquisition of autonomous 
growth in culture but is certainly not sufficient for malignant 
conversion. Very recently, another sppntaneous human ker- 
atinocyte cell line (from foreskin) that exhibited as a sole 
karyotypical abnormality a trisomy of chromosome No. 8 
has been described (Baden et al., 1987<a, b). The fact that this 
near diploid cell line still depends on 3T3 feeder support for 
continuous growth, further supports the hypothesis that 
polyploidization is crucial for autonomous growth in vitro. 

Because spontaneous immortalization is still generally 
considered to not occur in human cells, it was critical to 
prove the identity of the HaCaT cells with the original donor 
and to exclude cross-contamination with epithelial human 
cell lines used in our laboratory. Although the cytogenetic 
data documenting individual marker chromosomes had vir- 
tually excluded possible cross-contamination, additional 
proof was highly desirable. DNA fingerprinting on Southern 
blots using hypervariable minisatellite probes (Jeffreys et al., 
1985) seemed to be the method of choice, although it had not 
previously been demonstrated whether chromosomal altera- 
tions would influence the applicability of this technique. The 
results unequivocally proved that despite the transformed 
phenotype and multiple structural chromosomal changes the 
DNA fingerprint pattern remained essentially identical at 
various passage levels and was clearly identical to a DNA 
sample from the patient. Moreover, the nonidentity of a vari- 
ety of different cell lines tested as well as DNA fingerprints 
from 200 unrelated individuals (data not shown) clearly 
demonstrated the unique DNA fingerprint pattern of HaCaT 
cells and their original donor. 

These findings underline the power of the DNA finger- 
printing technique for unequivocal identification of cultured 
cells and the verification of their original donor, irrespective 
of the tissue used as DNA source (e.g., lymphocytes, skin 
tissue sample, and keratinocytes). Thus, these results pro- 
vide new standards for the identification of human cells in 
vitro irrespective of time in culture and genetic alterations. 

It is a widely accepted postulate that alterations in differ- 
entiation are essential for the transformation process and 
that malignancy and differentiation are inversely correlated 
(Brpders, 1932). Cell lines derived from skin carcinomas 
usually exhibit defects in their differentiation capacity, al- 
though with considerable variations (Rheinwald and Beckett, 
1980; Boukamp et al., 1985). In accord with this, immortal- 
ization of human keratinocytes with SV40 was accompanied 
by drastic alterations in differentiation potential (Banks- 
Schlegel and Howley, 1983; Steinberg and Defendi, 1983; 
Bernard et al., 1985). It has therefore been stated that "inhi- 
bition of keratinization might be an early step in carcinogen- 
esis." Steinberg and Defendi (1983) and concluded that the 
loss in differentiation capacity in cell lines would be "the 
price one has to pay for immortalization " However, these 



properties of tfBp^-transforrned cells might be virus-re- 
lated rather thanninked to transformation per se. This is in 
line with our own data on SV40-immortalized human skin 
keratinocytes (our unpublished results) and other studies on 
virus-transformed keratinocytes (Yuspaetal., 1983; Weiss- 
man and Aaronson, 1985). 

In contrast to these virally transformed human cells, the 
HaCaT cells, although immortal, have largely retained their 
capacity to reconstitute a well structured epidermis after 
transplantation in vivo. The virtually normal degree of mor- 
phologic differentiation was further substantiated by the 
regular spatial distribution of epidermal differentiation prod- 
ucts. In addition, the pattern of keratin expression, including 
the suprabasal epidermal keratins (Nos. 1 and 10), was al- 
most identical to those seen in transplants of normal ker- 
atinocytes. We have previously reported similar findings on 
a series of spontaneously transformed mouse keratinocyte 
lines (Breitkreutz et al., 1986). The HaCaT cells also main- 
tained these properties at higher passage levels, even though 
differentiation in vitro (stratification and squame formation) 
gradually decreased and slight alterations in tissue architec- 
ture occurred in vivo. In addition, HaCaT cells from passage 
80 or higher showed a comparable induction of suprabasal 
keratins in response to vitamin A depletion in the culture 
medium (our unpublished results). In this way, the HaCaT 
cell line is closely approximated to normal keratinocytes, 
and thus offers a suitable model to study regulatory mecha- 
nisms in the process of differentiation of human epidermal 
cells. Moreover, since HaCaT cells could be reprbducibly 
and efficiently transfected with the human Ha-ras-1 oncogene 
(EJ), giving rise to clones with abnormal growth properties 
in vivo, including tumorigenesis (Fusenig et al., 1987; Bou- 
kamp, P., D. Breitkreutz, E. Stanbridge, P. Cerutti, and 
N. Fusening, manuscript in preparation), this cell line pro- 
vides a valuable model system for the study of the role of on- 
cogenes and other factors in the process of malignant 
conversion of human epithelial cells. 
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Human papillomavirus type 16 (HPV-16) is strongly associated with the development of cervical cancer. 
Studies of model systems with animal papillomaviruses have demonstrated the importance of neutralizing 
antibodies in preventing papillomavirus-associated disease. The assessment of neutralizing antibody responses 
against HPV-16, previously hampered by the lack of a viral source, was enabled by the recent propagation of 
an HPV-16 stock in xenografted severe combined immunodeficiency (SCID) mice. HPV-16 infection of an 
immortalized human keratinocyte cell line was demonstrated by detection of an HPV-16-specific spliced mRNA 
amplified by reverse transcriptase PCR. Infection was blocked by preincubation of the virus with antiserum 
generated against HPV-16 virus-like particles (VLPs) composed of the major capsid protein, LI. To examine 
potential cross-neutralizing activity among the different genital HPV types, rabbit antisera to LI VLPs 
corresponding to HPV-6, -11, -18, -31, -33, -35, -39, and -45 were assayed for the ability to block the HPV-16 
infection of cultured cells. Antiserum raised against HPV-33 LI VLPs was the only heterologous antiserum 
which inhibited HPV-16 infection. Thus, a neutralization assay for HPV-16 may help to characterize the 
components required to compose a broadly efficacious genital HPV vaccine. 



Human papillomaviruses (HPVs) are the most common sex- 
ually transmitted viral pathogens in the United States (26). 
"Low-risk" HPVs such as HPV-6 and -11 are associated with 
the production of benign genital warts, while "high-risk" types 
such as HPV-16 and -18 are known to be a major causative 
factor in the development of cervical cancer. The association of 
cervical carcinogenesis and HPV infection is indicated by 
strong epidemiological evidence and the detection of HPV 
DNA in more than 93% of cervical cancers from all geographic 
areas (5). Of the high-risk types, HPV-16 is the most prevalent, 
being present in 50% of cervical tumor specimens worldwide. 
Other high-risk HPV types include HPV-18, -31, -33, and -45. 

Due to the morbidity and mortality associated with the high- 
risk HPV types, there is keen interest in developing prophy- 
lactic HPV vaccines. Results obtained with several different 
animal models (canine oral papillomavirus, cottontail rabbit 
papillomavirus [CRPV], and bovine papillomavirus type 4 
[BPV-4]) established the feasibility of developing vaccines to 
prevent papillomavirus disease (7, 19, 35). These animal stud- 
ies demonstrated the protective efficacy of the major papillo- 
mavirus capsid component, the LI protein. When expressed in 
eukaryotic cells, the LI proteins of many different papilloma- 
virus types self-assemble into virus-like particles (VLPs) that 
are antigenically and morphologically similar to authentic pap- 
iilomavirions (16, 18, 31). Animals immunized with LI VLPs 
were protected from subsequent papillomavirus challenge. 
Successful vaccination required that the VLPs be composed of 
the LI protein of the challenge virus, and immunity was found 
to be generally type specific. In both the canine oral papillo- 
mavirus and CRPV animal models, passive transfer of immune 
serum from VLP-immunized animals to naive animals con- 
ferred protection from subsequent challenge with the homol- 
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ogous papillomavirus, suggesting that antibodies serve as a 
major protective component against papillomavirus infection 
(7,35). . ■. 

Tlie results with animal models provide a strong rationale 
for the development of VLP-based vaccines to prevent HPV- 
induced genital warts and cervical cancer. However, HPV vac- 
cine development has been hindered by the high degree of 
species specificity exhibited by these viruses, which has made 
direct evaluation of vaccine efficacy in animals impossible. 
Also, difficulties in the propagation of HPV stocks have ham- 
pered the examination of neutralizing antibody responses 
against authentic HPVs. 

One notable exception is the low-risk HPV-11, which has 
been propagated with a xenograft system in a sufficient quan- 
tity to allow direct evaluation of neutralizing antibodies (12, 14, 
20). Antisera generated ag;ainst HPV-11 VLPs have been 
shown to contain high titers of HPV- 11 -neutralizing antibod- 
ies, as assessed by the abrogation of condyloma growth in the 
xenograft system. Recently, a method was developed to study 
antibody-mediated neutralization of HPV-11 in vitro (34). In 
this assay, HPV-11 infection of cultured human keratinocytes 
was determined by the appearance of an HPV- 11 -specific 
mRNA detected by reverse transcriptase PCR (RT-PCR). Pre- 
incubation of the virus with antibodies which had previously 
been shown to neutralize HPV-11 in the xenograft assay pre- 
vented HPV-1 1 infection of the keratinocytes, as demonstrated 
by the inability to detect HPV-11 -specific transcripts. 

The lack of a reliable source of virus has prevented the direct 
evaluation of neutralizing antibodies specific for the high-risk 
HPV-16. Researchers have relied on surrogate assays, such as 
inhibition of VLP-mediated hemagglutination, to study the 
functional activity of antisera generated against HPV-16 VLPs 
(28). Recently, HPV-16 has been propagated with a SCID 
mouse xenograft system (2). In the present study, we demon- 
strate that an HPV-16 stock prepared from the xenografted 
condylomas can infect an immortalized keratinocyte cell line in 
vitro, as measured by the appearance of an HPV-1 6-specific 
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transcript. HPV type-specific antibodies inhibited HPV-16 in- 
fection in vitro, thus providing the first direct evidence of 
antibody-mediated neutralization of an authentic high-risk 
HPV. In addition, the potential for cross-protection among the 
high-risk and low-risk genital HPV types was assessed by ex- 
amining the ability of antisera to VLPs of various heterologous 
HPV types to neutralize HPV-16 infection. 

MATERIALS AND METHODS 

Isolation and propagation of HPV-16. Our HPV-16 strain was isolated and 
propagated with the xenograft SCID mouse model (3, 20). The propagation 
process and the typing analyses of viral stock passages are described in detail 
elsewhere (2). In brief, single biopsy samples were obtained from 1 1 patients with 
clinical condylomata acuminata. Subsequent histologic diagnosis showed that 
two of the patients had mild to moderate intraepithelial neoplasia. The biopsy 
samples were ground in phosphate-buffered saline (PBS) with sand and a mortar 
and pestle. The preparation was submitted to low-speed centrifugal ion, and the 
supernatant was pelleted at 100.000 X g for 1 h at 4°C and resuspended in PBS. 
This viral suspension was used to infect neonatal human foreskin fragments that 
were each implanted under the renal capsule of three SOD mice (3, 20). Twelve 
weeks later, the mice were sacrificed and the grafts were collected One of the six 
grafts showed histologic evidence of intraepithelial neoplasia and was prepared 
as described above to make a lysate for a second passage. Twelve SCID mice 
were grafted under the renal capsule with neonatal foreskin fragments (one per 
kidney) that had been incubated in the lysate. The mice were sacrificed 19 weeks 
later. Five of 15 retrieved grafts had evidence of HPV infection by histology, and 
one of them contained HPV capsid protein by immunocytochemistry. The re- 
maining tissue samples from the grafts were used to prepare a viral lysate as 
described above. HPV capsids were demonstrated after negative staining by 
electron microscopy. The viral DNA was extracted from the lysate and subjected 
to PCR analysis with the MY09/MY1 1 primer pair (21). The PCR fragment was 
cloned and sequenced. The DNA sequence was identical to a reference strain of 
HPV-16 (32), except at seven nucleotide positions. Five of the base changes 
resulted in no amino acid substitution, one caused a conservative change (threo- 
nine to serine [A680IT]), and one yielded a nonconservativc substitution (threo- 
nine to proline [A6693C]). The viral lysate was used for a third passage of the 
virus. Single infected grafts were implanted under each renal capsule as well as 
under the skin of each flank of 24 SCID mice. The animals were sacrificed 27 
weeks later, and the renal and subcutaneous grafts were collected to prepare a 
viral lysate as described above. Trie virus stock was typed by amplification of viral 
DNA with the MY09/MYII primers and hybridization with oligonucleotide 
probes specific for the following HPV types: 6, 11. 16, 18, 26, 31, 33. 35, 39. 40, 
42, 45, 51 to 59, 66, 68, 73. MM4, LVX-82/MM7, and MM8 (1, 17, 22). Positive 
results were obtained only with the HPV-16-specific probes. The MY09/MY11 
amplicon was also typed by. digestion with the restriction enzymes EcoRl and 
Pstl, which resulted in a banding pattern consistent with HPV-16 (23). This virus 
stock was designated HPV-16 Ro cb«t«-ikA*r3 and was used in the present exper- 
iments. 

Antisera to VLPs. Polyclonal rabbit antisera specific for HPV-1 1, -16, and -18 
LI VLPs have been described previously (30). Antisera to HPV-6 LI VLPs were 
kindly provided by S.-J. Ghim. To generate antibodies against HPV-31, -33, -35, 
-39. and -45 LI VLPs, genomic clones of HPV-31 and HPV-35 were obtained 
from the American Type Culture Collection (Rockville, Md.); HPV-33 and 
HPV-39 DNAs were provided by M. Favre and G. Orth (Institut Pasteur, Paris, 
France); and cloned HPV-45 DNA was provided by A- Lorincz (Digene Diag- 
nostics. Inc., Silver Spring. Md.). PCR amplification of the LI sequences and 
generation of recombinant baculoviruses carrying genes encoding LI were car- 
ried out as previously described (30). VLPs composed of HPV-31. -33, -35, -39, 
and -45 LI were purified from recombinant baculovirus-infected Sf9 or High Five 
cells on CsO density gradients. Total protein concentrations were determined 
with a commercial assay (bicinchoninic acid; Pierce Chemical Co M Rockford, 
III.). For each HPV VLP type, a New Zealand White rabbit was immunized 
intramuscularly at two sites with an emulsion of 50 |ig of LI protein in complete 
Freund's adjuvant and given a booster injection 2 weeks later with an emulsion 
prepared with the same VLP type and incomplete Freund's adjuvant. The reac- 
tivity of the antisera against the homotypic VLPs used for immunization was 
determined by enzyme-linked immunosorbent assay (ELISA), with the titer , 
being defined as the greatest dilution which yielded an optical density value 
greater than 0.1. 

HPV-16 VLP ELISA. (i) Coating antigen. ELISAs were carried out with VLPs 
containing the HPV-16 LI sequence variant corresponding to our virus stock. 
DNA was extracted from the second-passage HPV-16 virus stock as described 
above. The entire LI gene was amplified by PCR and cloned into a baculovirus 
transfer vector by methods similar to those previously described (31). The DNA 
sequence of the full LI clone was determined. The sequence was identical to that 
of the MY09/MY011 amplicon in the overlapping region and contained 11 
additional nucleotide substitutions outside the region amplified by the MY09/ 
MY01 1 primer pair. In total, this HPV-16 LI variant contained nine amino acid 
differences from the prototype: histidine to tyrosine (C5862T), threonine to 
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asparaginc (C6163A), asparagine to threonine (A6178C), histidine to aspartic - 
acid (C6240G). glycine to serine (G6252A), threonine to alanine (A6432G), 
threonine to proline (A6693C). threonine to serine (A6801T), and leucine to 
phenylalanine (G705ffT). The transfer vector containing the HPV-16 LI gene 
was used to generate a recombinant baculovirus as previously described (31). 
VLPs were purified from recombinant baculovirus-infected High Five cells as 
described above. 

(H) EUSA protocol. HPV-16 LI VLPs were diluted in PBS to 0.01 mg/ml and 
dispensed in 0.1 -ml aliquots to 96-weIl microtiter plates. PBS without VLPs was 
dispensed to control wells. After being coated for 16 h at 4°C, the plates were 
blocked with blocking solution (Kirkegaard & Perry Laboratories, Inc., Gaith- 
ersburg, Md.) for 2 h at room temperature. Threefold serial dilutions of anti- 
HP V- VLP sera were made in PBS containing 1% bovine serum albumin and 
10% (voWol) wild-type baculovirus-infected cell culture supernatant to reduce 
the background (30). After a 90-min room temperature incubation, plates were 
washed and anti-rabbit immunoglobulin G-alkaline phosphate conjugate 
(Kirkegaard & Perry Laboratories, Inc.) diluted 1:2,000 in blocking solution was 
added to the wells. Following incubation and washing, specific binding was 
detected with the alkaline phosphate substrate. Specific absorbance was calcu- 
lated by subtracting the absorbance values obtained with PBS alone from those 
obtained with antigen. Averages of duplicate wells were calculated as the final 
absorbance values. 

HPV-16 in vitro infection and neutralization. HaCaT cells, an immortalized 
human keratinocyte cell line (6), were kindly supplied by N. Fusenig. Cells were 
grown to 90 to 100% confluency in 154/HKGS medium (Cascade Biologies, Inc., 
Portland, Oreg.) supplemented with penicillin (100 U/ml) and streptomycin (100 
u.g/ml) in 24-weII plates. HPV-16 stock was sonicated for 25 s on ice, diluted into 
154/HKGS medium in round-bottom polypropylene tubes, and incubated for 1 h 
at 37°C. Medium was aspirated from the HaCaT cells, and 0.5 ml of diluted virus 
was added per well. As a control, one well of cells on each plate received 0.5 ml 
of medium without virus. For antibody- media ted neutralization, antisera were 
diluted in 154/HKGS and incubated with a fixed quantity of the HPV-16 stock in 
a final volume of 0.5 ml in round-bottom polypropylene tubes fo r 1 h at 37°C 
prior to addition to the HaCaT cells. Fresh medium was added to each well of 
cells 4 days postinfection, and on day 7, total cellular RNA was extracted with Tri 
Reagent (Molecular Research Center, Inc., Cincinnati, Ohio) according to the 
manufacturers recommendations. Final RNA pellets were resuspended in 20 u.1 
of diet hylpyrocarbonate-trea ted water and. quantified by spectrophotometry. 

Detection of HPV-16 and cellular 0-actin-spliced mRNA by RT-PCR. Reverse 
transcription reactions were performed with a First Strand cDNA kit (Boehr- 
inger Mannheim, Indianapolis, Ind.) with 2 »ig of total RNA as the template and 
oligo(dT) as the primer in a final volume of 20 jd- Nested PCR was needed to 
detect HPV-16 El ^ E4 cDNA. The first round of amplification was carried out 
with 25% of the cDNA from each reverse transcription reaction and 5 '-TGGA 
AG ACCTGTTAATG GGCACAC-3 ' (located at bases 797 to 818 in the HPV-16 
genomic sequence) as the forward outside (FO) primer and 5 '-TATAG ACAT 
AAATCCAGTAGACAC-3 ' (located at bases 3826 to 3849 in the HPV-16 
genomic sequence) as the reverse outside (RO) primer for 40 cycles of PCR. Ten 
percent of the first-round PCR mixture was used for nested reactions with 
5 -GGAATTGTGTGCCCCATCTGTTC-3 * (located at bases 823 to 845 in the 
HPV 16 genomic sequence) as the forward nested primer (FN) and 5 '-GTTCA 
CGTTGACATTCACTATC-3 ' (located at bases 3766 to 3787 in the genomic 
sequence) as the reverse nested primer (RN) for 35 PCR cycles. First-round and 
nested PCRs were set up with Hot Wax beads (1.5 mM) and pH 9.5 buffer 
(InVitrogen, San Diego, Calif.) with 200 p.M deoxynudeoside triphosphates 
(dNTPs), 125 ng each of the forward and reverse primers, and ZS U of Taq 
polymerase (Perkin-Elmer, Foster City, Calif.) in a final volume of 50 jlI. The 
temperature profile for both first-round and nested PCRs was 80*C for 5 min, 
95*C for 30 s, 60*C for 30 s, and 72°C for 30 s, with a final extension at 72°C for 
10 min; 

All cDNA samples were used in separate PCRs with primers specific for 
spliced cellular p-actin mRNA. The PCR primers were described by Smith et al. 
(34). Amplification of the p-actin spliced mes sage w as achieved with 125 ng of 
forward primer (5 -G ATGACCCAGATCATGTTTG-3 ') and 125 ng of reverse 
primer (5 ' -GG AGCAATG ATCTTG ATCTT03 ') with 123% of the total 
cDNA as the template in 10 mM Tris-HCI (pH S3) buffer containing 50 mM 
Kd, 1.5 mM MgQ 2 , and 1% gelatin, with 200 u-M dNTPs and 2.5 U of Taq 
polymerase in a final volume of 50 u.1 for 35 PGR cycles. The temperature profile 
for amplification was 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s, with a final 
extension at 72"C for 10 min. 

All PCR products were separated by electrophoresis on a 2% agarose gel and 
visualized by ethidium bromide fluorescence. 

DNA sequencing. The EI~E4 nested PCR product was purified with Qia- 
quick-spin columns (Qiagen, Chatsworth, Calif.). The concentration of the col- 
umn eluate was determined by spectrophotometry and was then diluted to 
achieve a final concentration of 125 ng/u.1. Sequencing reactions were carried out 
with the Dye Terminator DNA sequencing reaction mix (Perkin-Elmer, Foster 
Gty, Calif:) with 125 ng of PCR product as template and 3 pmol of FN or RN 
primers. Samples were subjected to cycle sequencing according to the manufac- 
turer's recommendation. Extension products were purified with Centri Sep col- 
umns (Princeton Separations, Adelphia, N J.) and dried under vacuum. Samples 
were resuspended in 4 u.1 of sequencing buffer (formamidc containing 8.3 mM 
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FIG. 1. RT-PCR strategy for the detection of HPV-16 El ~ E4 mRNA. Total 
cellular RNA obtained from HPV- Unexposed HaCaT cells was reverse tran- 
scribed, and the resultant cDNA was amplified by PCR with the FO and RO 
primers as described in Materials and Methods. Nested PCR with the FN and 
RN primers resulted in the amplification of a 487-bp product. Nucleotide se- 
quence analysis of the PCR product revealed the splice donor (nucleotide 881)/ 
acceptor (nucleotide 3356) site of HPV-16 EI A E4 mRNA. 



EDTA) and elect rophoresed on a 4.2% acrylamide-8 M urea sequencing gel 
with the ABI 373 automated sequencer (ABI, Foster City, Calif.). Sequence data 
were analyzed with the Laser Gene program (DNA Star, Madison. Wis.). 

RESULTS 

HPV-16 infects human keratinocytes in vitro. An HPV-16 
stock (HPV-16 Rochcstcr . IK /ur3) that represented the third pas- 
sage in xenografts of a viral lysate originally derived from 
patients with a history of condylomata acuminata was used to 
infect the human keratinocyte cell line HaCaT. Since HPV-16 
was not expected to progress through an infectious cycle in 
cultured cells, an RT-PCR strategy was designed to detect an 
HPV-16-specific El ^E4 mRNA as a marker for infection 
(Fig. 1). El ^ E4 mRNA species have been demonstrated to be 
very abundant in HPV-1-, HPV-6-, and HPV- 11 -induced con- 
dylomas (8, 9, 24, 25), as well as in an HPV-16-transformed 
rodent cell line (36, 37). In addition, an HPV- 11 -specific 
El ~ E4 transcript was successfully used as a direct marker for 
HPV-11 infection in both the xenograft system and in cultured 
human cells (4, 33, 34); 

HPV-16 stock was diluted and added to cultured HaCaT 
cells. After 7 days in culture, total RNA was extracted from the 
cells and was used for cDNA synthesis. Nested primers were 
then used to amplify an HPV-16 E1~E4 cDNA. A 487-bp 
PCR product consistent with the projected size of an HPV-16 
El ^ E4 transcript was amplified from the RNA of the cells 
incubated with virus (Fig. 2, lane 1). In contrast, no similar 
PCR product was detected with RNA isolated from control 
HaCaT cells which had not been exposed to virus (Fig. 2, lane 
2). The inability to amplify the 487-bp product from the control 
cellular RNA was not due to poor RNA recovery or failed 
reverse transcription, since the cDNA sample was successfully 
used in a separate PCR to detect spliced p-actin mRNA (Fig. 
2, lane 2). 

The identity of the 487-bp HPV-16-specific PCR product 
was confirmed by nucleotide sequence analysis! The DNA se- 
quence of this PCR product represented HPV-16 nucleotides 
823 to 3787, with a deletion spanning nucleotides 881 to 3356, 
consistent with an HPV-16 E1^E4 spliced mRNA species 
(Fig. 1) (32). 

The results presented in Fig. 2 were obtained with the 
HPV-16 virus stock diluted 1:10*. However, identical results 
were obtained with dilutions of virus stock from 1:10? to 1:10 6 . 
The 487-bp HPV-16 product was not amplified from cells 
which had been exposed to the virus stock diluted to 1:10 7 
(data not shown). Repetitive titration of the viral stock re- . 
suited in consistent detection of the HPV-16 spliced message 
with viral dilutions of ^lilO 6 . 

Neutralization of HPV-16 in vitro infection. No cytopathic 
changes were associated with HPV-16 infection of HaCaT 
cells. However, the ability to detect an HPV-16-specific mRNA 
following exposure of HaCaT cells to the viral stock indicated 




FIG. 2. HPV-16 infection of HaCaT cells documented by the appearance of 
an.HPV-16-specific El ~E4 mRNA. cDNA samples obtained by reverse tran- 
scription of total RNA isolated from cells infected with HPy-16 (lane 1), unin- 
fected cells (lane 2), cells infected with HPV-16 preincubated with HPV-16 LI 
VLP antiserum (lane 3), and cells infected with HPV-16 preincubated with 
normal control serum (lane 4) were amplified with primers specific for HPV-16 
El ~ E4 (top) or p-actin (bottom). 



that the virus entered the cells and began its replication cycle 
at least to the point of expression of an El ^ E4 transcript. To 
determine if specific antibodies could neutralize HPV-16 in- 
fection, the virus stock was preincubated with polyclonal anti- 
HPV-16 LI VLP serum or normal control serum prior to 
addition to the HaCaT cells. Virus neutralization was demon- 
strated by the inability to detect the El ^ E4 spliced message in 
virus-exposed cells following preincubation of the virus stock 
with a 1:100 dilution of the anti-HPV-16 LI VLP serum (Fig. 
2, lane 3). In contrast, the HPV-16 transcript was detected in 
cells incubated with virus mixed with control serum (Fig. 2, 
lane 4). 

Polyclonal antisera were also generated against LI VLPs 
corresponding to certain low-risk (types 6 and 11) and high- 
risk (types 18, 31, 33, 35, 39, 45) HPVs and were screened by 
ELISA against homotypic VLPs. Each of the antisera reacted 
strongly with homotypic VLPs with titers of 2=1:121,500. This 
panel of anti-VLP sera was tested for HPVrl6-neutralizing 
activity by preincubation of a 1:100 dilution of each serum 
sample with the HPV-16 stock prior to exposure to the cells. 
As shown in Fig. 3, none of the heterotypic VLP antisera 
inhibited HPV-16 infection, except anti-HPV-33 LI VLP. Ad- 
ditional experiments conducted with lower (1:20) dilutions of 
antisera confirmed that the HPV-6, -11, -18, -31, -35, -39, and 
-45-specific antibodies were unable to neutralize HPV-16. 

A quantitative assessment of the relative potency of HPV- 
16-neutralizing activity in the anti-HPV-16 and anti-HPV-33 
VLP antisera was carried out by incubation of the HPV-16 
stock with serial log l0 dilutions of the serum samples. The 
anti-HPV-16 VLP serum inhibited the detection of the 
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FIG. 3. HPV-16 neutralization by heterotypic genital HPV LI VLP antisera. 
HPV-16 stock diluted 1:10 4 was preincubated with 1:100 dilutions of anti-HPV 
LI VLP serum samples prior to addition to HaCaT cells. HPV-16 El ~ E4 (top)- 
and cellular 0 -act in (hot torn )-specific RT-PCR products obtained with RNA 
isolated from cells infected with HPV-16, which had been preincubated with 
anli-HPV-6, -11, -16, -31, -33, -35, -18, -39, and -45 LI VLP sera, are shown. 



El ~E4 mRNA at dilutions of ^LIO 5 , while the anti-HPV-33 
VLP serum on!y neutralized HPV-16 at dilutions of ^lilO 3 
(Fig. 4). 

The differential neutralizing activity of the anti-HPV-16 
VLP serum and the anti-HPV-33 VLP serum against HPV-16 
was reflected in the relative ability of the two antisera to bind 
HPV-16 VLPs in an ELISA (Fig. 5). The anti-HPV-33 VLP 
serum exhibited binding to HPV-16 LI VLPs, although to a 
much lesser extent than the homotypic anti-HPV-16 VLP se- 
rum. AH of the remaining heterotypic antisera reacted very 
weakly with HPV-16 VLPs. Thus, with this panel of antisera, 
the relative ability to neutralize HPV-16 correlated with bind- 
ing to HPV-16 LI VLPs. 



a-HPV-16 



a-HPV-33 



V c 




FIG. 4. Titration of the HPV-16-neutraIizing activity in the anti (a)-HPV-16 
VLP and the anti-HPV-33 VLP sera. HPV-16 stock diluted 1:10 4 was preincu- 
bated with serial log , 0 dilutions of anti-HPV-16 LI VLP or anti-HPV-33 LI VLP 
antiserum prior to addition to HaCaT cells. RT-PCR products obtained with 
HPV-16-specific primers arc shown. Lanes are labeled with the reciprocal dilu- 
tion of antiserum used in the experiment. Lane V represents RT-PCR product 
obtained with RNA isolated from cells infected with HPV-16 preincubated with 
a 1:100 dilution of normal scrum. Lane C represents the RT-PCR product 
obtained with RNA from uninfected cells. 




1.500 



4.500 



13,500 . 40.500 
Reciprocal dilution 



121,500 364.500 



FIG. 5. Reactivity of the anti-HPV VLP sera against HPV-16 LI VLPs. 
ELISA plates were coated with HPV-16 VLPs and incubated with threefold 
serial dilutions of antisera to the following VLP types: HPV-1 1 ( •), HPV-16 (■), 
HPV-18 (▲), HPV-31 (▼), HPV-33 (O), HPV-35 (□), HPV-39 (A), and HPV-45 
(V). Specific binding was detected with an anti-rabbit immunoglobulin C sec- 
ondary antibody reagent as described in Materials and Methods. O.D., optical 
density. 



DISCUSSION 

We have developed an RT-PCR-based in vitro assay which 
can be used to study the early stages of HPV-16 infection and 
to examine antibody-mediated virus neutralization. The assay 
is relatively rapid and highly reproducible, and thus it is amen- 
able to the evaluation of large numbers of serum samples for 
HPV-16-neutraIizing antibodies. Since the assay is semiquan- 
titative, it can be used to derive end point titers of HPV-16- 
neutralizing antibodies. The sensitivity of RT-PCR allows the 
HPV-16 stock to be used at relatively high dilutions (1:10 4 to 
lilO 6 ), thereby conserving the virus, which is in limited supply. 
The amount of virus utilized in the assay is described as a viral 
stock dilution, since there is no methodology for determining 
the number of infectious HPV-16 particles. It is anticipated 
that a different viral stock would contain a different number of 
infectious particles and would require titration to maintain 
assay reproducibility. 

The appearance of the spliced HPV-16-specific transcript in 
cells which had been cultured with the virus indicated that the 
initial stages of infection had been successfully accomplished: 
cell attachment and entry, uncoating, translocation, and tran- 
scription. This is an important consideration in studies of an- 
tibody-mediated virus neutralization, since it is not known 
which steps in the infection process are inhibited by antibodies. 
Roden et al. found that monoclonal antibodies to BPV-1 could 
neutralize BPV-1 either by inhibiting cell binding or by block- 
ing a subsequent step in the infection pathway (29). Chris- 
tensen et al. also reported antibody neutralization of BPV-1, 
CRPV, and HPV-11 at a step in the infectious cycle subse- 
quent to virus attachment (10). Thus, the RT-PCR-based in 
vitro infectivity assay for HPV-16 represents a significant im- 
provement over surrogate assays, such as VLP-mediated hem- 
agglutination inhibition, which only detect antibodies that in- 
hibit cell attachment and therefore may underestimate the 
virus-neutralizing potential of an antiserum sample (28). 

Using the RT-PCR-based assay, we demonstrated that 
HPV-16 was neutralized by antibodies raised against HPV-16 
LI VLPs. This result was anticipated, since HPV-16 LI VLPs 
had previously been shown to elicit production of antibodies 
which inhibited both HPV-16 LI VLP-mediated hemaggluti- 
nation and infection of cultured cells by HPV-16 pseudovirions 
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(27, 28). However, neutralization of authentic HPV-16 virions 
lends further support to the potential application of VLPs as 
prophylactic HPV vaccines. 

Whereas HPV-16 is the most prevalent high-risk HPV type, 
broad protection against cervical cancer would require that a 
vaccine target multiple HPV types (e.g., HPV-16, -18, -31, -33, 
and -45). Evaluation of the ability of different HPV VLPs to 
elicit production of cross-neutralizing antibodies is important 
in determining the ultimate composition of a broadly effica- 
cious vaccine. The HPV-16 in vitro infectivity assay was used to 
test antisera against heterotypic HPV LI VLPs for neutralizing 
activity against the virus. Antisera to the low-risk HPV-6 and 
-11 and the high-risk HPV- 18, -31, -35, -39, and -45, each 
containing high titers of homotypic antibodies as measured by 
ELISA, all failed to neutralize HPV-16 infection. This result is 
in agreement with previous findings which demonstrated that 
antibody responses to the genital HPVs are largely type spe- 
cific (27, 28, 30). In this regard, our observation that anti- 
HPV-33 LI VLP antibodies neutralized HPV-16 is somewhat 
surprising. Previously, cross-neutralization had only been ob- 
served consistently with very closely related virus types, such as 
HPV-6 and -11, which possess LI amino acid sequence identity 
of >90% (11). HPV-16 neutralization by antiserum raised 
against HPV-33 VLPs was not suggested by in vitro infectivity 
assays with HPV-16 pseudovirions (27). Weak cross-neutral- 
ization between HPV-16 and HPV-33 was seen in some hem- 
agglutination assays with HPV-33 and -16 VLPs but was not 
consistently observed, thereby suggesting that detection of po- 
tential neutralizing activity was below the sensitivity of the 
assay (28). In contrast, by the RT-PCR-based assay, HPV-16 
neutralization by anti-HPV-33 VLP antiserum was reproduc- 
ible and titratable. Thus, the difference between our current 
result and previous results obtained by surrogate neutraliza- 
tion assays may indeed relate to differences in assay sensitivity. 
Alternatively, the discrepancy could be attributable to differ- 
ences in the quantity and/or quality of the anti-HPV-33 VLP 
antibodies used in the different assays. 

The amino acid sequence of HPV-16 LI shares greater ho- 
mology with HPV-31 LI and HPV-35 LI than with HPV-33 LI 
(83.1, 82.8, and 79.7% amino acid sequence identity, respec- 
tively). However, amino acid sequence identity may not corre- 
late strictly with structural similarity. It is well established that 
neutralizing antibodies raised against intact authentic HPV 
capsids and recombinant papillomavirus VLPs primarily rec- 
ognize conformation-dependent epitopes on viral particles 
(12-15). Thus, the HPVrl6-neutralizing capability of the anti- 
HPV-33 antibodies may reflect a greater degree of structural 
similarity between HPV-16 and HPV-33 than might be pre- 
dicted by amino acid sequence comparisons. 

Our current results suggest that HPV-33 and HPV-16 share 
a neutralizing epitope or epitopes. However, due to the lack of 
an HPV-33 stock, direct evaluation of the neutralizing activity 
of the HPV-33 and -16 LI VLP antisera against HPV-33 was 
not possible. The anti-HPV-33 LI VLP serum was not as 
potent as the anti-HPV-16 LI VLP antiserum at neutralizing 
HPV-16, suggesting that HPV-33 and HPV-16 may possess 
both common and distinct neutralization sites similar to those 
previously reported for HPV-6 and HPV-11 (11). The ability of 
the anti-HPV-33 VLP serum to neutralize HPV-16 correlated 
with its ability to bind HPV-16 LI VLPs in an ELISA. Inter- 
estingly, when the anti-HPV-16 LI VLP serum was assayed for 
binding to HPV-33 LI VLPs, no reactivity was detected (data 
not shown). Unckell et al. have reported neutralization of 
HPV-33 pseudovirions with an anti-HPV-33 VLP serum but 
not with an anti-HPV-16 VLP serum (38). Complete assess- 
ment of cross-neutralizing activities among the different genital 



HPV types will require the generation of additional infectious 
viral stocks and the development of the respective quantitative 
infectivity assays. 
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Expression of the Myelomonocytic Antigens 
CD36 and LI by Keratinocytes In Squamous 
Intraepithelial Lesions of the Cervix 

NICHOLAS COLEMAN, MBChB, AND MARGARET A. STANLEY. PhD 



teractioru, particularly with components of the immune 
system. 4 There have been several reports of alterations 
in the numbers of immune cells in cervical disease, in- 
cluding Langerhans' cells,' lymphocytes* and macro- 
phages, 7 although the mechanisms for these changes 
are not known- It is becoming increasingly dear, how- 
ever, that the neoplastic ectocervical keratinocytes may 
play an important role in modulating the local immune 
cell repertoire. These cells show altered expression of 
a number of immunocompetent molecules, including 
MHC class I,* MHC class II, 9 and adhesion molecules 
such as IGAML" 

The molecules LI and CDS6 are predominantly ex- 
pressed by leukocytes but also are potentially of impor- 
tance in the intracellular and extracellular functioning 
of keratinocytes. There has been considerable interest 
in the expression of these molecules by squamous epi- 
thelium in a variety of sites and several studies have doc- 
umented altered expression by keratinocytes in a num- 
ber of pathologic conditions. CD 56 is a multifunctional 
molecule predominantly expressed by platelets, mono- 
cytes, macrophages, and some endothelial cells. 11 '" It 
acts as a receptor for the extracellular matrix protein 
thrombospondin, 13 has a role in signal transduction, 
and is potentially important in certain immune inter- 
actions, particularly those involving immunologic ac- 
cessory cells. 1 * The LI antigen, referred to inter alia as 
calprotectin, u is predominantly expressed hv mono- 
cytes and neutrophils in the peripheral blood 6 and in 
the tissues by eosinophils and a subset of reactive mac 
rophages. 17 As well as being implicated as a component 
of the innate defence system, there is evidence that the 
molecule also may serve to regulate epithelial cell pro- 
liferation and differentiation (reviewed by Brandoaeg 
et aP). We report the expression of CD$6 and LI by 
keratinocytes in cases of normal and diseased cervix. We 
have observed alterations in the patterns of expression 
of both molecules in high-grade SILs (HC-SILs) and 
have used in vitro model systems to explore the mech- 
anisms by which these changes arise* 

MATERIALS AND METHODS 

Specimens 



Tit aerennoeytea in squamous mtraei»thefial lesions (SO*} of Ac 
cervix ibow altered OTpr— «f*r of a tuiinber of nvdecnk* involved 
bommthecc^trolrfgrc^a*^ 

mimcdonf, pirticularfy wiA components of the fanmnne system. We 
hue used tissue biopsies and in vtao model : systena to mrestigate the 
expression in SOs of the molecules OD36 and U, vmkb arepredonv 
iiianrly ecprossed by my&mo*o<ilU<M*ux**kh dnhxf* tim€> 
donal rales m krrttinocyt* biology. Where the U protem (defined 
by the monoclonal antibody M*ac397) expressed bramjrabasalaad 
superficial ceus in 12 of It cases of normal cerrtx (NCx) and in 14 
of U cases of Wgrade SO* (LG^ILs), in two of 16 case* of high- 
grade SOL* (HOSlLe) it +m eanrely absent and in the remainder It 
was restricted to the most superficial l»jOT.Wh«anaTbln^tTmdm»; 
scale was applied, LI expiWon haHG-SDUproredtolK!«cnnSca^ 
lower tb*n m LCrSXU (P < J>1) or m cases of NCx (F < .01). CDS6 
v« expre«*d by superficial cells m four of 1* cases of NCx, m six 
of 14 LG-SDLs. and none of 16 eases of HGSILs (when psdod, LC- 
SJLsrHG^SILs- />< .05). The mechanisms uiiderrymg ^P**** 
don of both molecules were faveatigated by growth in organotypic 
tissue culture of normal ectocemcal epttnefium and the cervical ker- 
atmocyte cell fines WI3t (• model for LG-SH4) and CaSki and SiHa 
(modeb for HG-SILfl). LI wee diffusely «4Cp*esaed by NCa cells and 
the Wit cell Una, although its expression in the CaSla and SSU cell 
fines was much more Irregular and restricted. GDS6 was occasionally 
present on the surface of superficial NCx and Wll cells, but was 
absent from CaSld and SOU cells. Neither snoUoue could be Induced 
by treatment of the cells with iaterferon^amma. Theae data suggest 
that the eocprea^oo of CDSS aad U by cc^ 

to their coffcrendadon status rather man represen ting an effect of 
exogenc^ factor auch as those released 
associated wimSIL^C^ 56 may hmcn^ 

ecule on cervical Verarinocytw in SILa, while U is more likely to be 
involved m die miraccflalar regulation of cell proliferation and mat- 
nraxion. Hum PATHOL 15:75-7*. Copyright© 1994 by WJL Saunders 
Company 

The human papillomaviruses (HPVs) have been 
strongly implicated in the development of squamous 
cell carcinoma of the uterine cervix 1 and of the precur- 
sor squamous intraepithelial lesions (SILs), which may 
be ofTow or high grade according to the degree of pro- 
liferative activity and loss of differentiation of the epi- 
thelial cells.* The fete of ectocervical epithelium after 
infection with HPV appears to depend not only on in- 
tracellular events controlling the capacity for prolifer- 
ation and differentiation, 5 but also on extracellular in- 
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Cervical punch biopsy specimen* were taken from pa- 
tients with abnormal colposcopy appearances and/or recent 
evidence of abnormal cervical cytology. Age-matched females 
undergoing laparoscopic sterilization were used as controls; 
these women showed no evidence of ongoing or previous cer- 
vical disease. All biopsy specimens were immediately mounted 
In OCT compound (BDH Ltd, Poole, UK) and snnp-frozen tn 
liquid nitrogen before being stored for up to 6 months in 
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Uouid nitrogen prior to use. Serial 6-/«n frozen sections were 
cut. and routine haernatoxyHn^osin staining was performed 
on every eighth leveL On the basis of the hcmatc^n^oein 
suintag me biopsy specimens were clarified ***fifffi 
normal (n a 12) or as representing low-grade SIL* (UWILs) 
(n - 14) or HOSILi (n - 16). The mc^hologic change* were 
equivalent to those ^koflc^ytc^and/or C^l in tHeU^SOj 
and to C3N2 and ON3 m the HGSDU After morphologic 
evaluation the remainder of the tissue cut from each section 
underwent Immunohistologlc assessment. 

Immunohistologv 

The primary monoclonal antibodies used were OKM5 
(Ortho Ltd; mouse IgGl, diluted 1:30) and SMO (SerotccLtd: 
E diluted U20) against CD36, and MacS^ (Dako 
Ltd; moSte IgGl. diluted 1:200) against LI. Each of the and- 
CD56 antibodies gave identical staining results. tamunoper- 
oxidase staining was performed using standard protocol* with 
aridin-biotin amplification and visualization of peroxidase ac- 
tivity with cUaminobcnaidinc. 

We devised an arbitrary grading scale to obtain a semi- 
quantitative representation of andgen expression in the bi- 
opsy specimens. A total score was awarded for each tissue 
secdonVwhich represented the sum of the intensity and the 
extent of staining. The two parameters were scored as follow 

• Intensity: 0, no staining; 1. weak staining; 2, moderate 
staining; and S, intense staining. 

• DUtrioution:0,occa^onal^ 
and 2, widespread posidvity. 

The results from each group of biopsy specimens were 
compared using the Wleoxon rank sum test Probability vat 
ues, when given, are rwo^ded- 

Cell Culture 

Normal cervical epithelium (NCx) was cultured from 
uteri removed for noncervical disease. All patients had re- 
cently documented normal cervical smears and sections of un- 
cultured cervical tissue appeared normal histologically. Cell 
culture was performed using protocols previously described. 
Briefly, a sheet of ectocervical epithelium, which included the 
equamocohnnnar junction, was finery minced before being 
stirred for SO minutes at 37°C in a solution of 0.25% trypsin/ 
0.01% EDTA in phc*phate-buflfered saline (PBS) to produce 
a single-cell suspension. The cells were grown with support 
from lcthiDy irradiated Swiss G3T3 mouse fibroblast feeder 
ecus and were maintained in Glasgow's modification of Ea- 
gle's medium (GMEM) , supplemented with 10% (vol/vol) fe- 
tal calf serum (SeraLabs Ltd), 0.1 /ig/mL hydrocortisone, and 
10" w mol/L cholera toxin (both Sigma Ltd). Colony forma- 
tion was established by adding epidermal growth factor 
(Sigma Ltd) at 10 ng/mL 24 hours after plating. At subcon- 
fluence the feeders were removed with 0.01% EDTA in PBS 
and the keradnocytes were dislodged with 0.1% trypsin/0.01% 
EDTA In PBS before seeding onto collagen gels to establish 
them in organotypic culture (see below). 

The cervical kcratinocyte cell line W12 was derived from 
a cervical wan and contains HPV 16 DNA, predominantly in 
the episomal form, with approximately 100 copies/cell" The 
cells are nontumorigenic in nude mice and can reform an 
epithelium that resembles LG-SttJ. The W12 cell line is a 
unique in vitro model for the early stages of HPV id-related 
cervical disease. The eclb were grown with Swiss G5T3 support 
using protocols identical to those described for NCx cells be* 
fore being established in organotypic culture 

The Sifia* 0 and CaSW 11 cell lines were each derived from 
a squamous cell carcinoma of the cervix. Each Is a tumorigenic 



cervical keratinocyte ttne containing integrated HPV 16 DNA. 
with one and 500 to 500 copies/cell, respectively. Prior to or- 
ganotypic culture the cells were grown without feeder support 
in GMEM supplemented with 10% (vol/vol) fetal calf serum 
(SeraLabs Ltd). 

Organotypic "RafT Culture 

The "raft" system of organotypic tissue culture allows 
cells growing on a collagen "gel" to differentiate at an air to 
liquid inter&ce and enables them to produce stratified cpi* 
thelia resembling the original lesions from which they were 
established. Eight mffiaiiers of Vitrogen 100 collagen (Colla- 
gen Corp Ltd) were mixed on ice with 1 .0 mL of 10X Vitrogen 
PBS solution and 1.0 mL of 0.1 mol/L NaOH. Two milliliters 
of the gel solution were then layered onto 5 x 10* Icthally 
Irradiated Swiss GST5 fibroblasts in a 55-mm tissue culture 
dish, and gelation was Initiated by warming to 37*C for 2 hours 
followed by equilibration with 2-0 mL of GMEM at 37°C over* 
night The next day 10* keradnocytes were applied to the sur- 
fece of each gel and maintained until confluent in GMEM 
supplemented with 10% fetal calf serum and cholera toxin. 
The collagen was then raked onto a metal grid such that the 
cells were able to differentiate at an air to liquid Interface. 
After a further 10 days the collagen "rafts" were removed and 
cut into strips, which were mounted in OCT compound and 
snap-frozen in liquid nitrogen. Six-micrometer frozen sections 
were cut and immunohistochemical analysis was performed as 
described for the tissue biopsy specimens; 



RESULTS 

Staining of Tissue Biopsy Specimens 

Normal Cervix. In all biopsy specimens from nor- 
mal cctocervix the keradnocytes showed cytoplasmic ex- 
pression of the LI protein fTable 1). This was present 
in the suprabasal and superficial layers, with sparing of 
the basal cells (Kg 1, top left). CD56 was expressed on 
the surface of keradnocytes in four of the 12 specimens 
examined. The staining was generally patchy and weak, 
and was most prominent in the superficial layers, where 
it produced a net-Uke pattern (Fig 1, bottom left), al- 
though some basal positxvity also was observed occasion- 
ally. There was no spatial association between CD56+ 
keradnocytes and infiltrating immune cells. 

pression was teen in the cytoplasm of keradnocytes in 
all 14 of the LG-SELs examined. Its distribution within 
the epithelium was similar to that in normal ectocervix 
and included expression by kollocytes (fig 1, top cen- 
ter)- In six of the 14 biopsy specimens keradnocytes 
showed surface expression of CD36 (Fig 1, bottom cen- 
ter). In some specimens the expression was oatchy and 
weak, similar to that in normal ectocervix, although in 
others it was stronger and more extensive. Again, there 
was no correladon between CD36+ keradnocytes and 
infiltrating Immune cells. 

High-grade Squamous Intraepithelial Ltsions. Re- 
duced expression of LI was seen In HGSILs. The mol- 
ecule could not be detected in two of the 16 biopsy 
specimens examined and in the majority of the remain* 
der it was restricted to the most superficial layers (Fig 
1, top right). In general, LI was detectable in areas of 
cellular differentiation and was absent from the mor- 
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MYElOMOt^^lC ANTIGENS IN CERVICAL SIU (Coleman ft ^^^^ 

TAMIL StTtfauantltotive Representation of CD36 qnd.U Expression In Cervical Biopsy Specimens 



Antigen 



CD36 



U 



Btopfly 



NCx 



LGSIU 



HOSES 



NCx 



L&SZU 



HGSEU 



No, of biopsy specimens examined 
No. of pott^ve biopcy «pedmen« 
Mean score 
Median score 
Range of scores 



IS 
4 

0.42: 

0 

0-2 



14 

6 

0.71* 
0 

OS 



16 
0 
0 
0 
0 



12 
12 

4.00J- 
4 



14 
14 

3.79t 
4 



16 
14 

2.S1 

2 

04 



vt a j,;,-. m/ t; A * i^ale was used (see Materials and Methods section). SidSLsdoxT ana^sns Differences between higb^rtde lesions 
normalcy for ddwr^ 



phologically most atypical cells. There was no expres- 
sion of CD36 by keratinocytes in any of the HG-SILs (Rg 
1, bottom right). . . 

An arbitrary grading scale was used to quanatate 
the expression of CD36 and LI by cervical lueratinocyies 
in each of the three groups (Table 1)* The expression 
of CD36 in the LG-SILs was significandy greater than 
that in the HG-SILs (J> < .05). although there was no 
significant difference between the LG-SILs or HG-SILs, 
and cases of NCx. LI expression in HCrSILs was signif- 
icantly less than that In the LG-SILs (P < .01) or cases 
of NCx {P < -01), but there was no significant differ- 
ence in LI expression between the LG-SILs and cases 
of NCx. 

Staining of Cell lines 

The mechanisms underlying the expression of 
CD36 and LI in vivo were explored using cell culture 
techniques. When the cervical keratinocytes were grown 
in monolayer culture no expression of CDS6 and LI (as 
determined by flow cytometry) was observed in any case 
(data not shown). Cell stratification arid maturation 
were induced using the "raft' ' technique of organotypic 
tissue culture* and the cytokine-medtated mdudbflity of 
the molecules on each cell type was quantified by cul- 
curing the cells in the presence of recombinant inter- 
fcron-gamma. 

Normal cervical cells produced a differentiating 
epithelium up to 10 cell layers thick. LI was expressed 
by all cells except those in the basal layers, and was cy- 
toplasmic in distribution (Fte 2, top left). CD36 was ex- 
pressed infrequently and only by superficial and differ- 
entiated cells (arrowed cell. Fig 2, top right). 

W12 produced a somewhat thinner epithelium 
showing disorgankation of the basal layer but with sur- 
face differentiation consistent with a lowgrade cervical 
lesion. There was strong cytoplasmic expression of LI 
by the suprabasal and superficial cells (Rg 2, center 
left). Basal cells were generally negative, although there 
was some focal expression. CD36 was expressed on the 
surface of superficial, differentiated cells (Fie; 2, center 
right), including some that were vacuolated and that 
resembled koilocytea. 

CaSki eclb produced an epithelial layer of up to 12 
cells. This appeared disorganized and highly atypical 



throughout its full thickness, i^nimiscent of a high- 
grade cervical lesion: There was mild irregularity of the 
base of the epithelium, but no unequivocal infiltration 
of the subjacent coDagen. LI showed a restricted pat- 
tern of expression, with many areas entirely negative for 
the molecule. Patchy positivity was observed in some 
places, however, and this occurred throughout the full 
thickness of the epithelium (Rg 2, bottom left) . CD 36 
was not seen in any of the sections examined (Rg 2, 
bottom right). SiHa cells also produced an atypical ep- 
ithelial layer, and showed patterns of expression of both 
molecules that were essentially the same as those seen 
on CaSki cells (data not shown). 

All cell types were grown in organotypic culture in 
the presence of recombinant intcrferon-gamma. Differ- 
ent doses (150 and 300 U/mL) were used, and culture 
was maintained for 24, 48, and 72 hours prior to sec- 
tioning. However, no detectable modulation of either 
molecule was seen on any of the four cell types 
examined. 



DISCUSSION 

The mechanisms underlying the development of 
intraepithelial neoplasia in the ectoccrvix are comolex. 
The abnormal keratinocytes show a number of altera- 
tions in molecules likely to be involved in intracellular 
signalling and control of proBferation s,lw as well as in 
interactions with cells and molecules in the extracellu- 
lar environment. W,S4 CD36 arid LI have important roles 
in leukocyte biology 13 "^ and may contribute to intracel- 
lular and extracellular interactions ofkerathibcytes at a 
number of sites-*** 7 The expression and modulation of 
these molecules in the cervix have not been investigated 
previously, however. 

The distribution of CD 36 in cases of NCx is constoj 
tent with some reports of its localization in the skin, 
although the factors controlling expression of the mol- 
ecule by cervical keratinocytes are unclear. Whereas in- 
terferon-gumma has been shown to upregulate CD36 
on normal epidermal keratinocytes in vitro, 19 an obser- 
vation supported by evidence of mcreased CDS6 ex- 
pression on keratinocytes in inflamed skin, this cy- 
tokine is unlikely to contribute significantly to the 
expression seen in the cervix. We saw no association 
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FIGURE 1. Expression of LI (top) and C036 (bottom) on kerctlnocytes In cases of NCx aop toft and bottom toft). lO^u 

and bottom center), and H<r-$fcs (top right and bottom right), see text for details, (immunoporoxldaso training u**^ avkSn * DloTtn 

ampancat*on and c&orolnotoraldine as chramogon; magnifications x!60.) 



between CD36 potfrivify and numbers of lymphocytes pression on the cervical keradnocytes In tissue culture, 

in the epithelium or subepithelial stroma of any of the It is more likely that the presence of CD36 is related to 

cervical biopsy specimens we examined, and recombi- the maturadonal state of the cervical keradnocytes, as 

nant interferon-gamma did not modulate CDS6 ex- has been suggested for epidermal cells.** Thia hypoth- 
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FIGURE 2. Expression of U and C036 by cervical kefotinocyte* in organotypic ttou« culture: top tett and right, NC* center left 
and rloht. Wlfc bottom left ond right. CoSM. Top toft, cent* left, bottom toft: 11; top right. center 

munoperoxldose siainino using avldln-btotln amplification ond ctanlnobenzldlne as cnromogen. The base of me epithelium it 
Indicated by o dashed Ine In the top left panel. Magnifications xS20.) 
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esis is supported by the constitutive expression of CDS6 
in differentiated layer* of W12 and NCx cells, with no 
expression in monolayer culture, where the capacity for 
differentiation is restricted, and no expression by CaSki 
and SiHa cells, which display a limited differentiation 
program even in organotypic tissue culture. Expression 
by differentiated keratinocytes may be related to acti- 
vation of intracellular signalling pathways or to auto- 
crine or paracrine stimulation from cytokines released 
on differentiation. Either of such pathways may be mod- 
ulated as part of the cytopathic effect* of HFV on su- 
perficial keratinocytes in low-grade cervical lesions, al- 
though this has not been investigated in vitro. 

The functional role of CD36 expression by cervical 
keratinocytes remains unclear. The molecule has been 
claimed to contribute to rvmphocyte:keratinocyte ad* 
hesxon in the epidermis, 124 * but we do not believe . that 
CDS6 plays a significant role in the initial interactions 
required for T-ccll trafficking into the ectocervix, which 
involves binding of lymphocytes to basal keratinocytes. 
Monoclonal antibodies to CD36 produced no reduction 
in lymphocyte binding to cervical keratinocytes in 
monolayer culture (data not shown), whereas antibod- 
ies to ICAM1 were able to reduce binding by 50%. 10 
It remains conceivable, however, that CDS6 has a role 
in lymphocyte retention in the superficial ectocervical 
epithelium, where CD36 is expressed in some cases 
in vivo. 

CD36 on keratinocytes also may function as an im- 
munologic accessory molecule, similar to its role on 
CD36+, HLA-DR+, CDllb- monocytes, 14 As well as be- 
ing able to present soluble antigen, these cells are able 
to activate autologous T cells in the absence of added 
antigens or mitogens, and such an autologous mixed 
lymphocyte reaction is associated with the development 
of suppression of immune responsiveness. The 
CD36+ keratinocytes in cases of NCx and in the LG- 
SILs did not express CDllb (data not shown) and it is 
conceivable that they may act in an immunoinhibitory 
capacity in these lesions. HLA-DR is expressed by ker- 
atinocytes in some LG-SILs (Coleman et aJ, unpub- 
lished observation), but we saw no CD36+, HLA-DR+ 
keratinocytes in the 14 cases we studied. Nevertheless, 
as GDS6+ cells are present in LG-SILs the induction of 
any local immune response may induce the CD36+, 
HLA4)R+, CDllb- phenotype, which may then serve 
to suppress the reaction before any amplification phase 
can ensue. 

Our results with biopsy specimens from cases of 
NCx confirm that Ll, a major constituent of myelo- 
monocytic cells, also is expressed by keratinocytes of 
normal mucosal squamous epithelia. 15 The preserva- 
tion of staining in LG-SILs, with reduced expression in 
H&SDLs, is consistent with findings from studies of 
squamous neoplasia at other anatomic sites. 5 * 38 Such 
differential expression patterns on cervical keratinocy- 
tes in vivo are mirrored by the in vitro findings that Ll 
is only patchily present on the high-grade epithelium 
produced by CaSki and SiHa cells, but is strongly ex- 
pressed on differentiated layers of NCx and W12 cells. 
Our observations suggest thai, as for CDS6, the pattern 
of expression of Ll by cervical keratinocytes Is most 



likely to be related to their differentiation status rather 
than representing an effect of exogenous factors, with 
lack of expression in HGSELs reflecting the relative 
lack of differentiation of the neoplastic squamous 
epithelial cells. 

Several functions have been ascribed to the Ll pro- 
tein. It shows antimicrobial activity at biologic levels in 
vitro 5 *'* 0 and may be active against organisms that enter 
the cytosoL The antiviral properties of Ll have not been 
investigated, but it is conceivable that the molecule may 
function at least partly in the defence of cells, such as 
keratinocytes against viruses* including HFVs.- Further- 
more, Ll is a member of the growing family of S-100 
proteins, which appear to be involved in cell cycle pro- 
gression and cell differentiation, 41 and there is evidence 
that it can inhibit the proliferation of a number of trans- 
formed and nontransformed cell lines, possibly by in- 
hibition of casein kinase II- 11 The absence of ira- 
munodetectable Ll from high-grade cervical disease 
therefore may not only be a morphologic correlate of 
restricted keratinocyte differentiation, but it also may 
represent a demonstrable intracellular event of impor- 
tance in the neoplastic progression of such lesions. 

We have presented evidence that normal ectocervi- 
cal keratinocytes express both the Ll and CD36 anti- 
gens, albeit at different frequencies. The expression of 
both molecules is maintained in LG-SILs, in which sig- 
nificant infiltration by host immune cells is absent, 9 but 
is lost in HG-SILs, which are associated with an immune 
ceQ response. 4 Our in vitro data suggest that this loss of 
expression is more likely to result from changes intrin- 
sic to the keratinocyte rather than representing the ef- 
fect of external factors, such as those derived from in- 
filtrating cells. The functional implications of these 
observations is unclear, but the pattern of expression 
we have observed may reflect alterations in intracellular 
signalling pathways contributing to the neoplastic pro- 
cess, as well as changes likely to influence the interac- 
tions of cervical keratinocytes with immune cells and 
possibly with intracellular infectious agents. 

Admaxstkdgmmt. The authors acknowledge financial 
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DIFFERENT SUSCEPTIBILITY OF CERVICAL 

KER ATINO C YTES CONTAINING HUMAN PAPILLOMAVIRUS 

TO CELL-MEDIATED CYTOTOXICITY 

Wu Rong ^ Nicholas Coleman and Margaret Stanley 



Objective. To detect the factors responsible for the sus- 
ceptibility of cervical keratinocytes infected with human 
papillomavirus (HPV) to non-specific lysis mediated by natu- 
ral killer (NK) and lymphokine activated killer (LAK) cells. 

Materials and Methods. Five cervical keratinocyte lines: 
CaSki, SiHa, HeLa (representing high grade squamous 
intraepithelial lesion ( HSIL) ), W12 (representing low 
grade squamous intraepithelial lesion C LSILD ) and NCx, 
(normal cervix) were used as . target cells in the four— hour 
lactate dehydrogenase (LDH) release cytotoxicity assay; The 
effector cells were NK and LAK. The modulatory effects of 
interferon gamma (IFNy) and tumor necrosis factor a 
(TNFa) pretreatment of keratinocytes were investigated by 
adding IFNy or TNFoc into the flasks of target cells 48 hours 
before the cytotoxicity assays. The blocking effects of 
anti— intercellular adhesion molecule— 1 (ICAM-1) and 
anti— lymphocyte function— associated antigen— 1 (LFA— 1) 
monoclonal antibodies (Mabs) were also studied. 

Results. All the 5 cervical keratinocytes were susceptible 
to LAK, but not to NK. The sensitivity varied among the 
cell lines. LAK had better killing effects on HSIL than on 
LSIL. Pretreatment of target cells with IFNy and TNFa in- 
creased the killing mediated by LAK, but had little effect on 
NK activity. Anti-ICAM-1 and anti-LFA-1 Mabs 
inhibited LAK— mediated cytotoxicity. 

Conclusions. All the HPV infected keratinocytes used in 
the experiments are NK-resistant and LAK— sensitive cells. 
IL— 2, IFNy and TNFa play some critical roles in the regula- 
tion of the susceptibility of cervical keratinocytes, especially 
HSIL to LAK-mediated cytotoxicity in vitro. 

(Chin Med J 1996; 109(11): 854-858) 

Cervical carcinoma is one of the most common 
malignant tumors in women worldwide. Human 
papillomavirus (HPV) infection has been confirmed 
to be an important etiological agent for cervical 



intraepithelial lesion and invasive cancer. The local 
immune response within the HPY infected lesions 
may be related to the clinical outcome. 

It has been shown that cervical keratinocytes in- 
fected with HPV 16 are able to bind peripheral blood 
lymphocytes (PBLs) activated by IL— 2.' The bind : 
ing was increased by interferon gamma (IFNy) 
pretreatment of target cells in a dose— dependent 
manner. It could be inhibited by anti— intercellular 
adhesion molecule— 1 (ICAM— 1) and anti— lym- 
phocyte function— associated antigen— 1 (LFA— 1) 
monoclonal antibodies (Mabs), suggesting that 
ICAM— 1 may be a criticaladhesion molecule in the 
interaction. 

In this study, we extended these observations by 
examining 1) the susceptibility of cervical 
keratinocytes to non-specific lysis mediated by natu- 
ral killer (NK) and lymphokine activated killer 
(LAK) cells; 2) the modulatory effects of IFNy and 
TNFtt (tumor necrosis factor a) pretreatment of 
keratinocytes, and 3) the blocking effects of 
anti— ICAM-1 and anti-LFA— 1 antibodies. Lysis 
was quantified by a non— isotopic method based up-: 
on the colorimetric detection of lactate 
dehydrogenase (LDH) released from the lysed cells 
in a four— hour cytotoxicity assay. 

MATERIALS AND METHODS 
Preparation of lymphocytes. Buffy coats from 
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normal human volunteers were obtained from 
Cambridge Blood Transfusion Centre. Lymphocytes 
were isolated by density gradient centrifugation on 
Histopaque (density: 1.083). After washing twice in 
RPMI l640 medium, PBLs were cultured overnight 
at 2x 10 3 /L in RPMI I640 containing 20% Fetal 
Calf Serum (FCS) at 37t: in a 5% C0 2 , 95% air at- 
mosphere. After removing adherent cells, the NK ac- 
tivity of these lymphocytes was assessed. Activation 
of LAK cells was achieved by culturing in the 
above-mentioned medium containing 100 units/ ml 
of IL-2 (British Biotechnology) for four days. 

Target cells. We selected 5 cervical keratinocyte 
lines which were well or poorly differentiated and in- 
fected with different subtypes of HPV or different 
copies of the virus in order to observe if there was 
any relationship among them. 

Cervical carcinoma derived keratinpcytes, CaSki 
(HPV 16+, 300-500 copies), SiHa (HPV16+, 1 copy) 
and HeLa (HPV 18+, 100 copies), were maintained 
in continuous culture in Glasgow's modification of 
Eagle's medium (GMEM) containing 10% FCS at 
37'C in a 5% C0 2 incubator. They were used as 
models of high grade squamous intraepithelial lesion 
(HSIL) according to the Bethesda system. 2 

W12, as a model of low grade squamous 
intraepithelial lesion (LSIL), is a cervical 
keratinocyte line which is immortalised but 
non-transformed by natural infection with 
HPV16. 3 It was derived from non-malignant 
cervical tissue which was diagnosed colposcopically 
and histologically as LSIL. It contained about 100 
copies of HPVI6 DNA in the episomal form. Cell 
culture was performed using lethal irradiated Swiss 
G3T3 mouse fibroblast feeder cells and GMEM me- 
dium containing epidermal growth factor (EGF) at 
a concentration of 10 mg/ L and 10% FCS. 



Normal ectocervical keratinocytes (NCx) were 
obtained from hysterectomy specimens, in which 
there was no abnormal finding morphologically (all 
patients had recently documented normal cervical 
smears). They were confirmed to be HPV— negative 
byPCR. 

K562 cell line was derived from a patient with 
chronic myelogenous leukemia in blast phase. It was 
used as a known NK sensitive cell line. The cells 
were cultured in RPMI 1640 / 10% FCS medium. 

Pretreatment of target cells. IFNy (Genzyme) 
was added to the target cells at a concentration of 
300 units / ml 48 hours before the cytotoxicity as- 
says. TNFa (British Biotechnology) was used to 
treat the target cells in a dose of 200 units / ml 48 
hours prior to the experiments. 

Cytotoxicity assay. An aliquot of 1 the desired tar- 
get cell line was removed by trypsinization. After 
washing, the cells were resuspended in 
RPMI I640 72% bovine serum albumin (BSA) with 
the dilution of 10 2 /L. Effector cells in defferent di- 
lutions (2x 10 2 -5x 10 3 /L) were introduced into 
96-well rounds-bottomed microplates in 50 jd of 
RPMI 1640 /2% BSA. Target cells were added in a 
volume of 50 /d of RPMI I640 /2% BSA at a dilution . 
of 10 2 /L with or without pretreatment. After incu- 
bating at 37X2 in a 5% C0 2 , 95% air incubator for 
4 hours, the plates were centrifuged at a low speed 
for 3 minutes, after which, 50 jil of the co-incu- 
bated cell supernatant was transferred into a 
flat-bottomed plate. Reagents in CytoTox 
96™ Non-Radioactive Cytotoxicity Assay Kit 
(Promega) were used according to the 
manufacturer's instructions. The absorbance was re- 
corded at a wavelength of 490 nm on an Elisa read- 
er (Dynatech MR5000). The percentage of 
cytotoxicity was calculated with the formula given 
by the manufacturer: 



%. Cytotoxicity = 



Experimental OD — Effector spontaneous OP -Target spontaneous OP x 



Target maximal OP - Target spontaneous OP 



100% 



Blocking assay. Anti-ICAM-1 (British Biotech- 
nology) monoclonal antibody (Mab) was added to 
target cells at 37'C at the concentration of 20 
mg/L 30 minutes before addition of lymphocytes. 



Anti-LFA-i Mab (British Biotechnology) was ad- 
ded to lymphocytes at 37*C at the concentration of 
10 mg/L 30 minutes before the co-culture assay. 
Anti— HLA.ABC and anti— HLA.DR Mabs (Dako) 
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at the concentrations of 0—40 mg / L were also used 
in an attempt to block the cell lysis. 

t ■ 

RESULTS 

There was some variation among the results 
from different donors. The representative graphs 
shown in Figs. 1-4 were selected from at least 3 re- 
peated experiments. 

The cytotoxicity mediated by freshly isolated 
PBLs on CaSki, SiHa and K562 (Fig. 1). After PBLs 
were isolated arid cultured in vitro overnight with- 
out IL-2 pretreatment, they were used as NK cells. 
NK cells were effective to kill K562 cells but had lit- 
tle effect on CaSki and SiHa with or without IFNy 
pretreatment. NK did not show cytolytic effects on 
W12 and NCx (data not shown). 
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Fig, 2. The cytotoxicity produced by LAIC to CaSki. 
SiHa, HeLa< W12 and NCx with different E : T ratios. 




CaSki SiHa HeLa W12 NCx 

Fig. 3. The effects of IFNy (I) and TNFa (TN) 
pretreatment of target cells (T) on cytotoxicity. E : T= 10:1. 
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Fig. 1. The cytotoxicity mediated 'by NK (N) to K562 
(K), SiHa (S) and CaSki (C). SI : SiHa pretreated by 
IFNy (I); CI: CaSki pretreated by IFNy (I). E ; T (eflectontar- 
get)=10:l. 

The cytotoxicity produced by LAK on CaSki 
SiHa, HeLa, W12 and NCx (Fig. 2). It was shown 
that LAK cells had a broader, range of target cell 
destruction. The activity was effector: target (E.T) ra- 
\ tio-dependent and cell line-dependent. Satisfactory 
cytotoxicity was produced at an E : T ratio of 10:1 or 
more. The cytolytic effects on HeLa, CaSki and 
SiHa were better than those on W12 and NCx. 

The effects of IFNy and TNFa pretreatment of 
target cells on cytotoxicity (Fig. 3). IFNy was able to 
upregulate the susceptibility of HSIL (SiHa, CaSki 
and HeLa) to LAK. Pretreatment of target cells 



with TNFa also improved the killing mediated b\ 
LAK. 

The blocking effects mediated by anti-ICAM-1, 
anti-LFA-1, anti— HLA.ABC and anti-HLA.DR 
Mabs (Fig. 4). Both anti-ICAM-1 and anti-LFA-1 
Mabs were able to block the cytotoxicity. Ten 
mg/L for anti-ICAM-1 and 5 mg/L for 
anti-LFA-1 Mabs were optimal for the blockage. 
But no similar result was found in all cases of 
preincubation with anti— HLA.ABC and anti- 
HLA.DR Mabs. 

DISCUSSION 

In the study of immune surveillance mecha- 
nisms in virus infection and neoplastic transforma- 
tion, a growing body of evidence suggests that NK 
cells are involved in the defense against viral infec- 
tion and in the destruction of human neoplastic cells 
without prior sensitization. 4 Although the killing 
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Fig. 4. The blocking effects produced by Mabs on 
cytotoxicity mediated by LAK to target cells. E:T= 10:1. 

effect is antibody— independent and non— MHC 
restricted, the targets for NK are very limited. It has 
been reported that HPV16— immortalized cervical 
carcinoma cell line (QGU) is resistant to natural kill- 
ing of NK cells, but sensitive to LAK cells. 5 In our 
experiments, freshly isolated PBLs were effective to 
lyse K562 but minimally responsive to CaSki and 
SiHa whether with or without IFNy pretreatment of 
target cells, suggesting that CaSki and SiHa were 
NK resistant. 

LAK cells are similar to NK cells in 
morphology but more effective than NK in medi- 
ating cytotoxicity. The target cells include both 
NK-sensitive and NK— resistant cells, which are not 
HLA— restricted and not limited to tumor celki 
In our report, LAK activity against cervical 
keratinocytes was shown to be E : T ratio— dependent 
and cell line-dependent. LAK showed better killing 
effects on HSIL than on LSIL. It seemed that the 
susceptibility was correlated with neither the subtype 
of HPV infection nor the copies of the virus. So we 
think it is the poor differentiation that makes the 
cells more sensitive to LAK mediated killing. 

It has been suggested that the interaction of 
LFA— 1/ ICAM— 1 is the principal pathway of T cell 
adhesion to target cells. 6 LFA— 1 is expressed by all 
leukocytes, and is a member of the integrin family. 
Its counter receptor on target cells is ICAM— 1. The 
expression of ICAM-1 on the surface of both 
hematopoietic and non— hematopoietic cells is 
selectively induced or increased within hours by 
cytokines such as IFNy and TNFa. In another re- 
port, HSIL showed strong expression of ICAM— 1 



on full thickness of epithelium, while in LSIL, 
ICAM-1 expression was limited to the basal layers 
of epithelium. 1 

To understand the LFA— 1/ ICAM— 1 adhesion 
effect in the cytotoxicity, we incubated target with 
anti-ICAM-1, and LAK with anti-LFA-1 Mabs. 
We found that the antibodies could effectively block 
the killing effect in both IFNy pretreated and 
untreated targets. However, ho overall blocking ef- 
fect in cytotoxicity has been found in cases using 
anti— HLA.ABC and anti— HLA.DR Mabs 
preincubation. The results are consistant with the 
findings that anti-ICAM— 1 and anti— LFA— 1 Mabs 
blocked in vitro lymphocyte : keratinocyte adhesion, 
while anti— HLA.ABC and anti HLA.DR Mabs had 
no such blocking effect. 1 

There are contradictory results in the published 
data about the effectiveness of IFNy on target cell 
susceptibility to lysis by LAK. Some studies indi- 
cated that IFNy treatment of certain tumor cells in- 
creased their susceptibility to LAK, 7 while others 
showed no change or even protection of these cells 
from lysis. 8 Our results demonstrated that IFNy up- 
regulated the targets' susceptibility to LAK, especial- 
ly HSIL. We consider that the increase may be par- 
tially attributed to ICAM— 1 antigen. 

TNFa possesses a wide range of biologic activi- 
ties, 9 one of which is the ability to mediate 
cytotoxicity both in vitro and in vivo. Some reports 
showed that most cells derived from cervical malig- 
nancies are resistant to the direct cytolytic effects of 
TNFa. 10 In our assays, we observed that TNFa and 
IFNy showed similar effects on the cytotoxicity medi- 
ated by LAK. Perhaps it was because that TNFa 
and IFNy shared some biological activities and they 
were positively interacted in many systems. TNFa 
promoted the systhesis of IFNy and this could ex- 
plain the increased sensitivity of target cells to LAK 
lysis. 

In conclusion, our results indicated that IL— 2, 
IFNy and TNFa played some critical roles in the 
regulation of the susceptibility of cervical 
keratinocytes, especially HSIL to LAK-raediated 
cytotoxicity in vitro. HSIL cells infected with HPV 
showed the best susceptibility to LAK-mediated 
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cytotoxicity. Whether these factors are relevant to 
clinical application is under investigation. 
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Effect of Stapled Anastomosis in Surgery of the 
Esophagus-experience of 1605 Cases. Sun Yue, et al. Dept 
Thorac Surg General Hospital of PLA, Beijing 100853. Chin 
J Thorac Cardiovasc Surg 1996; (I2)l : 20. 

Leakage at the anastomotic site in esophageal surgery re- 
mains an annoying problem to both patients and thoracic sur- 
geons. Many papers have reported the advantages of using 
the stapling device in esphageal anastomosis. In order to re- 
veal the merits of stapling anastomosis in exophageal 
surgery, the authors summarized the experience of stapling 
anastomosis in the reseclional treatment for carcinoma of the 
esophagus and gastric cardia on 1605 cases during the period 
from August 1989 to February 1994. There were 1281 males 
and 324 females with a ratio of 3.95:1. Their age ranged 
from 28 to 81 years with 1 184 patients (73.80%) belonging to 



the 50— 69 age group. Carcinoma of the esophagus was pres- 
ent in 1044 patients and carcinoma of the cardia in 561. The 
anastomosis was performed in the cervical region in 35 cases 
and intrathoracically in 1570. Anastomotic leakage occurred 
in 16 patients with an overall incidence of 1% (16 / 1605). In 
comparison, the incidence of anastomotic leakage in the 
cervical anastomosis group was 14.3% (5/35) vs 0.7% 
(11/ 1570) in the intrathoracic anastomosis group. However, 
the incidence of intrathoracic anastomotic leakage had been 
as high as 1.4% (8/575) prior to 1986, but thereafter, the in- 
cidence came down to 0.3% (3 /995) Anastomotic stricture 
occurred in 16 patients (1%). The clinical experience indi- 
cated that stapling anastomosis with a stapling device is a 
very effective procedure in reducing the incidence of 
esophageal anastomotic leakage especially in the 
intrathoracic anastomosis. 



€6 



(CANCER. RESEARCH 55, 4599-4605, October 15, 1995| 



In Vitro and in Vivo Inhibition of Human Papillomavirus Type 16 E6 and E7 Genes 
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ABSTRACT 

Human cervical cancers are often associated with human papillomavi- 
rus (HPV). In HPV-positive cervical cancers, the oncoproteins E6 and E7 
are consistently expressed. In this study, the effects of antisense inhibition 
of both proteins were examined. Phosphorothioate oligonucleotides 
(ODNs) AE6 and AE7 complementary to regions flanking the start codons 
of HPV16 E6 and E7 genes, respectively, were synthesized. These anti- 
HPV ODNs inhibited the growth of cervical cell lines CaSki and SiHa, 
which harbor HPV 16 but had little effect on cells that do not Both ODNs 
also affected the ability of CaSki cells to form colonies in soft agar. In nude 
mice, treatment with either AE6, AE7, or a mixture of both led to 
.substantially smaller tumors. A E7 was observed to inhibit E7 synthesis. 
The AE6* ODN probably exerts its effect by suppressing the expression of 
E6 as well as E7. Cell cultures and tumors treated with AE6 showed a 
decrease in E7 expression. In addition, an antisense ODN targeted at the 
retinoblastoma gene was able to reverse some of the inhibitory effect of 
AE6 on CaSki cells, indicating that AE6 inhibited E7 synthesis. This study 
further demonstrates that anti-HPV ODNs may be useful therapeutically. 

INTRODUCTION 

The antisense concept involves the use of short complementary 
ODNs 2 to interfere with the function of mRNAs. Such ODNs are 
usually between 12-20 bases in length. Hybridization of the antisense 
ODN with the target RNA by complementary base pairing provides 
high specificity and binding affinity resulting in the inhibition of 
expression of the protein product. The efficacy of antisense inhibition 
has been demonstrated for a variety of genes, particularly oncogenes 
0-3). 

HPVs are small DNA viruses with genomes of approximately 8 kb. 
Among the HPVs, a small subgroup including HPV16 and HPV18 are 
associated with cervical cancers (4). The transforming properties of 
these HPVs are encoded by the E6 and E7 genes (5-7). Both proteins 
may also play a role in the maintenance of the fully transformed 
pheriotype. 

Previous studies had shown that antisense ODNs to HPV16 and 
HPV18 E6 and E7 messages were useful in inhibiting cell growth and 
in affecting the transformed phenotype (8-10). However, the actual 
mechanism by which the anti-E6 and anti-E7 ODNs exert their effects 
is not well elucidated. We had shown previously that antisense ODNs 
complementary to E6 and E7 genes could specifically inhibit the 
proliferation of a cervical carcinoma cell line, CaSki (10). This study 
was carried but to further investigate the antisense inhibition of E6 
and El in human carcinoma cells lines in culture, as well as to 
examine the effects of these ODNs on tumor growth in athymic nude 
mice. 



MATERIALS AND METHODS 

Synthesis of ODNs. Five different deoxyoligonucleotides were used in this 
study (Fig. 1). Two of these, AE6 and AE7, hybridize with sequences flanking 
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the start codons of HPV16 E6 and E7 open reading frames, respectively. A 
sense ODN, HPVC, a randomized ODN, MA, and an ODN complementary 
to the retinoblastoma gene, ARb, were used as controls. PS ODNs of all 
five ODNs were custom made by Oligos Etc Inc. Before adding to the cell 
culture, the PS ODN was preincubated with the transfection reagent, 
N-ll-(2,3-Di-oIeoyloxy)propyI]-N,N f N-trimethyl ammonium methylsul- 
fate, DOTAP (Boehringer Mannhein, Mannhein, Germany), at 5 /ig/mi for 
10 min. . 

Cell Lines. Two established cervical epithelial tumor cell lines, CaSki and 
SiHa, containing HPV 16 were used in this study. Two other cervical tumor 
lines, C-33A, lacking the HPV genome, and HeLa, containing HPV 18, were 
used as control lines. CaSki, SiHa, and HeLa cells were grown in MEM 
supplemented with 10% heat-inactivated fetal bovine serum, 100 units/ml 
penicillin, 100 jig/ml streptomycin, and 2 mM glutamine. C-33A cells 
were grown in a similar medium with the "addition, of 0.8 mg/liter of MEM 
nonessential amino acids and 1 mM pyruvate. 

ODN Uptake. The AE7 PS ODN was conjugated at the 5'-terminus with 
biotin. Cells were seeded at a density of 2 X 10 3 cells/well in 16-weII tissue 
culture chamber slide vessels (Nunc, Roskilde, Denmark). After 24 fu the 
medium was changed, and fresh medium containing 10 /am AE7 and 5 ji^/ml 
DOTAP was added. At 1, 4, 8, and 24 h after the addition of the ODN. the 
medium was removed. Cells were washed several times with PBS and fixed 
with 80% acetone for 10 min. The cells were then rinsed in PBS and incubated 
with fluorescein-conjugated strepavidin (Dako A/S, Glostrup, Denmark) for 30 
min. The cells were washed again with PBS and immediately viewed by using 
a UV-fluorescence microscope. 

Growth Assay. Cells (2 X 10 3 ) were seeded in each well of the 96-weII 
plate and allowed to recover for 24 h before treatment with PS ODNs. Fresh 
medium containing 5 ptg/ml DOTAP and various concentrations of PS ODNs 
were then introduced. Forty-eight h after the treatment, the cells were subjected 
to MTS (3^4,5^imemylUiiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4- 
sulfophenyl)-2H-tetrazolium inner salt) assay as described previously (10). All 
assays were performed in triplicates. 

Anchorage-independent Growth. CaSki cells were grown in 35-mm 
dishes until 70-80% confluence. The cells were then treated with 20 jim of PS 
, ODNs for 4 h, resuspended in fresh medium, and 6 X 10 3 viable cells were 
seeded on a 0.5% agarose medium and allowed to grow for 3 weeks. Colonies 
>100 cells were then counted. All assays were performed in duplicates, and 
two independent experiments were carried out. 

Tumor Growth in Nude Mice. Femaie congenitally athymic mice, 
(BALB/c, nulnu) between the ages of 6-8 weeks were used. Five X 1Q 6 SiHa 
cells were resuspended in 0.1 ml of PBS and injected s.c, into the right hind leg 
of each mouse. Tumors were first visible after 10 days. Once palpable tumors 
were established, the mice were given injections with PS ODNs at the tumor 
site. At the end of the experiment, the mice were killed by N 2 euthanasia. Each 
tumor was then excised and weighed. 

Immunological Procedures. For immiinoblotting, cellular lysates from 
cells treated with 20 jxm of PS ODNs were prepared in the lysis buffer. The 
lysis buffer consisted of PBS (pH 7.5) containing 0.1% SDS, 1% NP-4Q, 2 
mM EDTA, 100 /im Na 3 V0 4 , 0.01% phenylmethylsulfonyl fluoride, and 10 
/xg/ml aprotinin. The lysates were clarified at 15,000 X g at 4°C for 10 min 
and stored at — 20°C. Homogenate of tumor tissues from nude mice were 
also prepared in the lysis buffer and cleared by centrifugation as described. 
Protein concentrations were determined by using the Bio-Rad (Bio-Rad 
Laboratories) protein assay. Samples were fractionated on SDS-PAGE and 
transferred onto nitrocellulose membrane. A mouse mAb was used to detect 
E7 (Ciba-Corning Diagnostics Corp.), while two rabbit polyclonal antibod- 
ies were used to detect pRb (Oncogene Science) and act in (Sigma Chemical 
Co.). The bound antibodies were visualized by using enhanced chemilu- 
minescence (ECL; Amersham). 
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BS-E7 mflNA 

S'ATGTTTG^GQAQQGAg' 
HPVC 

• s s 

/ / —A ACUGCA AUGUUUCAQQ^OOCACAG---/ / ---UAAUCAUGCAUQGAG^UACACa> -//- 
3TACAAAGTCCTGGGTG5 ' . 3 TACGT A CCTCTATGTGs * 

ABB AE7 

Rb rnRNA . 

/ / "COGICAUGCOGCXXAAAACOC---// - 

3 ' CA CTACGGCGGGTTTTGG5 * . . 

AFb ■ 



Random sequence 
S'AGCAG0GC0GA0CTC63 r 
MA 

Fig. 1. Sequences of oligonucleotides used in this study and position of base pairing to 
. the E6-E7 rnRNA and Rb mRNA. HPVC correspond to the sense sequence of E6. 

RESULTS 

Cellular Uptake of ODNs. Uptake of the biqtinylated PS ODN 
AE7 was monitored over a period of 24 h. Fluorescence staining could 
be observed in SiHa cells 1 h after incubation with the ODN and was 
present throughout the 24-h period (Fig. 2). A similar pattern of ODN 
uptake was also observed for CaSki cells (data not shown). 

Growth Inhibition of CaSki and SiHa Cells. In our earlier study, 
it was observed that 20 )xm of AE6 or AE7 could selectively inhibit 
the proliferation of CaSki cells (10). In this study, the effects of 
various concentrations and combinations of ODNs on the proliferation 
of CaSki and SiHa cells were examined. Cells were treated with AE6, 
AE7, or a mixture of both in the ratio of 1:1. Concentrations ranging 
from 6.1 jiM to 40 jim were used. 

Treatment of CaSki and SiHa cells with AE6 resulted in inhibition 
of cell proliferation. This inhibition ranged from 6.5 to 67.2% for 
CaSki cells (Fig. 3A) and from 11.8 to 56.1%ior SiHa cells (Fig. 3B) 
when the cells were treated with concentrations varying from 5 to 40 
jim. Similarly, AE7 treatment also led to inhibition of cell growth 
ranging from 26.0 to 60.8% for CaSki cells (Fig. 3A) and from 21.1 
to 50.2% for SiHa cells (Fig; 3B) at concentrations between 1 and 40 
/iM. However, a combination of AE6 and AE7 was more effective, 
and >50% inhibition was observed at 5 /iw (Table . 1). 

Treatment of both CaSki and SiHa cells with the control ODNs 
MA, HPVC, or ARb led to inhibition of <20% (Fig. 3). In addition, 
AE6 and AE7 had little effect on the proliferation of C-33A, which 
does not harbor HPV DNA, and of HeLa, which contains HPV18 
(Table 2). The presence of the cationic lipid DOTAP at 5 /xg/ml did 
not affect the proliferation of all the cells. 

In another series of experiments, CaSki cells were treated for 48 h 
with a mixture of AE6 and ARb (2:1 ratio); The presence of ARb 
diminished the inhibitory effect of AE6 on the proliferation of CaSki 
cells (Table 3). 

E7 Expression in CaSki Cells* E7 expression could be detected in 
CaSki cells and this expression was induced by 100 ng phorbol 
12-myristate-13-acetate (TPA)/ml medium. Expression of E7 was 
reduced after 5 h of incubation with 20 ^tM AE7 (Fig. 4). Hie decrease 
in E7 expression was still evident at 24 h. However, at 24 h, the 
reduction in E7 protein level was less than at 5 h. A similar change in 
E7 expression was also observed when the cells were treated with 
AE6. The expression of an unrelated protein, actin, was not affected 
at all. 

Anchorage-independent Growth. Incubation of CaSki cells for 4 
h with either AE6 or AE7 did not affect the viability of the cells (data 
not shown). However, cells that had been pretreated with either AE6 



or AE7 formed fewer colonies on agar than did cells treated with MA 
or cells that were not treated (Table 4). 

Tumor Growth in Nude Mice, At 5 X 10 6 cells, both CaSki and 
SiHa cells formed tumors in all mice. However, the latent period for 
CaSki cells was much longer than for SiHa and, hence, SiHa cells 
were used for ail subsequent experiments. Once palpable tumors were 
established, the animals were divided into groups and treated with 
either PBS or with PS ODNs. In the initial experiment, the animals 
were treated for 10 days with 20 /ig of MA, AE6, AE7, or with PBS. 



b 



d 




Fig. 2. Uptake of AE7 by SiHa cells at 1 (a), 4 (b) t 8 (c), and 24, h (d). 
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Fig. 3. Growth inhibition of CaSki cells (A) and SiHa cells (B) treated with various 
oligonucleotides. The cells were treated with AE6 (O). AE7 (IS), MA (QD), HPVC(03) and 
ARb (■). 



30 iLg of ODN daily for 15 days while the control animals were 
similarly treated with PBS. At the end of the treatment, animals 
treated with AE6 or AE7 had substantially smaller tumors (Fig. SB). 
The average weight of these tumors was 85% lighter than those 
treated with PBS. 

To examine if a combination of AE6 and AE7 was more effective 
in retarding tumor growth, the animals were treated with 10 /ig of 
either MA, AE6, AE7, or a mixture of AE6 and AE7 in a 1:1 ratio^ 
After 10 days of treatment, animals treated with the mixture of AE6 
and AE7 had smaller tumors than those animals treated with either 
AE6 or AE7 (Fig. 5C). 

Measurement of E7, pRb, and Actin in Tumors. The expres- 
sions of E7 and pRb were determined in tumors excised from the nude 
mice. E7 expression was reduced in tumors treated with AE6 or AE7 
(Fig. 6). This decrease in E7.was accompanied by the detection of 
pRb. pRB was not detectable in tumors treated with PBS or MA. the 
expression of an unrelated protein, actin, was not affected by any of 
theODNs. 

DISCUSSION 

In this study, we report the results of PS ODN treatments of cervical 
cancer cells in culture and in tumors in nude mice. The results clearly 
demonstrate the effectiveness of anti-HPVl6 ODNs, particularly for 
retarding tumor growth in nude mice. Before examining the effects of 
the anti-HPV ODNs in nude mice, we first examined the effects on 
cell cultures. 

In cell cultures, the uptake of the PS ODN was rapid and efficient 
in the presence of the cationic lipid, DOTAP. The enhancement of 
ODN uptake by cationic lipids has been described for a variety of cell 
lines (11), including CaSki (12). In this study, DOTAP was used at 5 
/ig/ml, and this concentration was not toxic to all the cell lines used. 
The ODN remained associated with the cells for up to 24 h. 

Both anti-HPV ODNs, AE6 and AE7, were able to inhibit the 



Table I Effects of a mixture of AE6 and AE7 (1:1) on the proliferation of 
CaSki and SiHa ceils 



Oligonucleotide 


% of inhibition of CaSki 


. % of inhibition of SiHa 


concentration 


cell proliferation ± SD 


cell proliferation ± SO 


0.1 JIM 


32.9 ±9.1 


373±5^ 


0.5 pM 


40.6 ±8.3 . 


37.3 ±6.4 


5.0 pM 


58.7 ± 11.7 


50.8±J4.0 


Table 2 Effects ofantisense oligonucleotides on the proliferation of Hela 




and C-33A celts 




Oligonucleotide 


% of inhibition of HeLa 


% of inhibition of C-33A 


(concentration) 


cell proliferation ± SD 


cell proliferation ± SD 


AE6(20jxm) 


6.7±7.1 


6.6 ±3.0 


AE6 (40 pM) 


13.8 ±7.6 


23.7 ± 13.3 


AE7 (20 pM) 


19.8 ±8.4 


0.7 ±4.9 


AE7 (40 pM) 


18.8 ±8.1 


18.2±3.5 


MA (20 pM) 


10.1 ±8.4 


ND* 


MA (40 pM) 


17.3 ±8.1 


ND 


HFVC(20,iM) 


16.4 ±6.8 


ND 


HPVC(40/im) 


22.3 ±7.0. 


ND 



1 ND, not determined. 



At the end of the treatment, animals treated with AE6 or AE7 had 
smaller tumors. The animals were then left untreated for 12 days 
before being killed. Despite the 12-day period without treatment, 
animals that had been previously treated with AE6 or AE7 had smaller 
tumors with average weight one-half that of controls (Fig. 5A). 
In another series of experiments, all animals were treated with 
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Table 3 Effects ofantisense oligonucleotides ARb:AE6 (1:2) on the 
proliferation of CaSki cells 

% of inhibition of cell 
proliferation ± SD 



Oligonucleotide concentration 



30 ftM 

40 pM 



19.6 ±2.9 
20.2 ± 8.6 




: Fig. 4. Western blot analysis of E7 and act in 
expression in CaSki cells. A, detection of E7 in the 
absence (Lane I) and presence (Lane 2) of 100 
ng/ml TPA. B, ad in, and C, E7 expression after 
incubation with ODNs for 5 h. D, actin, and £, £7 
expression after incubation with ODNs for 24 h. 
Lane /, lysate of untreated CaSki cells; Lane 2, 
lysate of cells treated with a control ODN, MA; . 
Lane 3, lysate of cells treated with AE7; and Lane 
< lysate of cells treated with AE6. The positions of 
AS, markers are indicated on the right and the po- 
sition of act in (Ac) and E7 are indicated on the left. 
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proliferation of CaSki and SiHa cells. Although Storey et ai (13) had 
reported nonspecific inhibition with similar ODNs, this study and that 
of Wong et ai (9) proved otherwise. Control ODNs did not signifi- 
cantly affect the growth of CaSki and SiHa cells, even at the highest 
concentration of 40 /am. In addition, AE6 and AE7 also decreased the 
ability of CaSki cells to grow on soft agar. The effects of AE6 and 
AE7 were specific to cells harboring HPV16, and there was little 
effect on the cervical line, C-33A, which has no HPV DNA, and 
HeLa, which contains HPV18. 
In the nude mice, the anti-HPV ODNs specifically inhibited tumor 



Table 4 Effect of antisense oligonucleotides on colony formation in soft agar 



Treatment 


No. of colonies 


Untreated 


33.5 


MA(20>im) 


35.5 


AE6 (20 /im) 


11.0 


AE7(20mm) 


95 



growth arid the control ODNs had little effect. Tumor growth wa; 
.repressed by AE6 and AE7 throughout the entire period of treatment 
At 1 2-day s posttreatment, AE6- treated and AE7-treated animals stil 
had substantially smaller tumors compared to the controls. The effec 
of AE6 and AE7 is probably due to a reversal of the transformec 
phenotype brought about by the inhibition of E6 and E7. Expression 
of E6 and E7 genes has been linked directly to the proliferative 
capacity of cervical cancer cells (14-16) and is also required for the 
maintenance of the transformed phenotype (6, 17). 

The effects of AE7 on cell and tumor growth are associated with the 
suppression of E7 expression. In CaSki cells, the half-life of E7 it 
only 55 min (18). As such, it was possible to detect a decrease in B~/ 
expression after only 5 h of incubation with AE7. However, the 
suppression of E7 expression was less after 24 h, and this led to onl> 
50-60% inhibition of CaSki and SiHa cells after 48 h of treatment. B~ 
expression was also inhibited in tumors treated with AE7. This inhi 
bition is specific to E7, and actin expression was not affected at all. 
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Fig. 6. Western blot analysis for E7 (A), aclin (B\ and pRb (C) proteins in tumors treated with PBS (Lane /), MA (Lane 2), AE6 (Lane 5), and AE7 (Lane 4). The positions of 
Af t markers are indicated on the right and the position of E7, actin (Ac), and pRB are indicated on the left. 



The AE6 ODN probably exerts its effect through the suppression of 
E6 as well as the expression of E7. In cervical cancers and cervical 
cell lines containing HPV, mRNAs encoding E6 and E7 proteins are 
transcribed from the same promoter in the form of a bicistronic 
transcript (19, 20). In vivo, the bicistronic transcript is also spliced to 
produce two shorter transcripts E6*I-E7 and E6*II-E7 (21). It has 
been proposed that it is a function of these spliced transcripts to 
stimulate E7 translation (19, 20). Because all three transcripts have the 
same 5' ODN sequence, one would assume that AE6 could affect all 
three because regions at the 5' end of the mRNA are most sensitive to 
antisense inhibition of translation (22-24). 

Our data does indeed indicate that AE6 affects all three transcripts, 
thereby, inhibiting E7 translation. In vitro, inhibition of the full-length 
bicistronic E6-E7 transcript by AE6 results in the suppression of both 
E6 and E7 expression. This was achieved by the specific hybridization 
of AE6 with the E6 sequence and not through nonspecific interaction 
of AE6 with the E7 sequence (10). E7 is known to bind the product 
of the retinoblastoma susceptibility gene, pRb (25), thereby, prevent- 
ing pRb from regulating cell growth. Inhibition of E7 will, thus, allow 
pRb to perform its function of regulating cell growth. For CaSki cells, 
the inhibition of cell proliferation by AE6 can be reversed by inhib- 
iting pRb expression by using the ODN ARb, which has been shown 
to be effective in inhibiting the synthesis of pRb in human embryonic 
lung fibroblasts (26). This reversal suggests that part of the effects of 
AE6 is achieved via the inhibition of E7 expression. In addition, the 
expression of E7 in the tumors in nude mice probably caused the Rb 
protein to be unstable and, hence, Rb could only be detected in tumors 
treated with AE6 or AE7 because both ODNs suppress E7 expression. 
The reduction of E7 expression in tumors and cells treated with AE6 



indicates that AE6 probably also inhibits E7. expression from the two 
shorter transcripts, E6*I-E7 and E6*II-E7, because in vivo, these two 
transcripts account for >80% of the major E6-E7 transcripts (21). 

Antisense inhibition of E6 and E7 has been shown to be useful in 
inhibiting the growth of cervical cells harboring HP VI 6 or HP VI 8 
DNA (8-10): This study also shows that anti-E6, as well as anti-E7 
ODNs. are useful in impeding tumor growth in nude mice. A combi- 
nation of AE6 and AE7 was more effective than each of the ODNs 
individually. These observations, together with the specificity of the 
antisense inhibition, augurs well for the therapeutic potential of anti- 
sense ODNs in HP V-related cervical cancers. 
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Human papillomavirus (HPV) infection is believed to play a 
central role in cervical carcinogenesis. Specifically, two viral onco- 
proteins, E6 and E7, possess transforming ability and have been 
shown to interact with the cellular tumor suppressors p53 and 
pl05, the retinoblastoma (Rb) gene product. To test the hypothesis 
that E6 and E7 play an active role in the maintenance of the 
malignant phenotype and may be ideal targets for antigene ther- 
apy, we tested the antiproliferative effects of phosphorothioate 
oligodeoxynucleotides (oligos) targeting HPV-16 E6 and E7 in cer- 
vical cancer cell lines and primary tumor explahts.the ATP cell 
viability assay was used to measure growth effects of 27-mer anti- 
sense oligos targeting the ATG translational start region of HPV- 
16 E6 and E7 sequences in HPV-16-positive cell lines SiHa and 
CaSki and four advanced, primary cervical tumor explants. A 
random oligo sequence, an HPV-18-positive and HPV-negative 
cell line, one histologically confirmed endometrial and two ovarian 
tumors were used as negative controls. HPV type was confirmed 
by hybrid capture techniques. Cell lines and sterile (staging lapa- 
rotomy) tumor cells were plated at 5000 cells/0.1 ml and 100,000 
cells/0.5 ml in 96-welI plates or soft agar, respectively, and incu- 
bated at 37°C with a single treatment of oligos at 0-16 pAf. E6/ 
E7 combinations at a fixed ratio of 1:1 were used at 0-8 yM 
for each oligo. Cellular ATP was measured by luciferin/luciferase 
fluorescence on Day 6. HPV-16 E6 and E7 oligos showed antipro- 
liferative effects in all HPV-16-positive cell lines and primary tu- 
mor explants (ICsoS 6.9-9.5 fiM for cell lines, 9.1-12.1 yM primary 
cervical tumors), while the HPV-negative C33-A cell line and 
HPV-18-positive cell line HeLa were relatively insensitive to the 
HPV-16 oligos (IC50S > 30 fiM extrapolated). The endometrial 
and two ovarian primary tumors were also insensitive to the HPV 
E6 and E7 oligos (IQoS > 25 pM extrapolated). Random oligos 
had little effect on cell growth at concentrations up to 16 yM (< 
25% inhibition), except in CaSki (@50% inhibition at 16 yM). 
Combinations of E6 and E7 demonstrated mixed synergistic and 
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antagonistic effects as determined by combination indices (Eff 
derived from median effect parameters. In the HPV-16-positive 
primary cervical tumors and the cell line SiHa, E6/E7 combina- 
tions were synergistic at low doses (<25% growth inhibitory dose 
range) and antagonistic at doses above this. For the HPV-16-posi- 
tive cell line CaSki, however, E6/E7 combinations were antagonis- 
tic at all dose ranges. Phosphorothioate oligos directed against the 
viral oncogenes E6 and E7 were shown to have antiproliferative 
effects specific to HPV-containing cancer cells. These specific anti- 
proliferative effects suggest that HPV-16 E6 and E7 sequences 
play an active role in the malignant growth properties of cervical 
cancer cells and may be ideal targets for antigene therapy, o 1997 

Academic Press 



INTRODUCTION 

Advances in the understanding of the role of HPV (human 
papillomavirus) in cervical cancer have produced strong evi- 
dence confirming the importance of the viral-host cell inter- 
actions in the etiology of cervical carcinoma. While a variety 
of other factors play a role in cervical carcinogenesis, 90% 
of squamous cervical carcinomas contain HPV g;eries that 
are believed to function as oncogenes [1]. If these viral 
oncogenes are actively involved in the maintenance of the 
malignant phenotype, then they are ideal targets for directed 
antigene therapy. Targeting genetic alterations unique to can- 
cer cells may be clinically advantageous by selective inhibi- 
tion of malignant cells while sparing normal cells. If, how- 
ever, HPV initiates permanent alterations which subse- 
quently lead to the development of malignancy, then 
targeting viral factors should produce little benefit. Expres- 
sion of HPV oncogenes has been shown to be required for 
the establishment and maintenance of the malignant pheno- 
type in human keratinocyte cell lines [2], but the fundamental 
question of the active role of HPV in human cervical cancers 
remains unclear. 

We sought to directly test the hypothesis that HPV onco- 
genes play an active role in the maintenance of malignant 
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..rowih properties. By targeting the expression of HPV-16 E6 
:L E7 genes with phosphorothioate oligodeoxynucleotides 
Joiigos) in cervical cancer cells, growth effects were exami- 
ned with the ATP cell viability assay. We have utilized both 
cell lines and primary cervical tumor explants to test this 

h ^xwl'taL [3] demonstrated that phosphorothioate oligo- 
deoxynucleotides complementary to various E6 and E7 tar- 
ed sequences have specific and nonspecific inhibitory ef- 
fects using micromolar concentrations of pligos. Interest- 
ingly however, the rate of synthesis of E6 and E7 proteins 
and the steady-state levels of E7 mRNA were shown to 
remained largely unchanged. Steele et al [4] showed that 
oligos targeting the start codons of E6 and E7 in HPV- 
18 containing cell lines produced specific antiproliferative 
eHVcts. Tin and Tang published two articles relating to anti- 
E6 and E7 oligos in cervical cancer cell -lines and in nude 
mice using bicistronic mRNA and phosphorothioate oligonu- 
cleotides, both studies demonstrating antiproliferative effects 
against the CaSki cell line [5, 6]. 

The rationale for targeting E6 and E7 stems from the 
evidence that these viral oncogenes interact directly with the 
cellular tumor suppressors p53 and pl05/Rb (the retinoblas- 
lor: - sene product) [7]. E6 has been shown to cause ubiqui- 
lin-mediated proteolysis of p53, while E7 binds to and inacti- 
vates Rb [7-9]. Previous studies have shown that the most 
effective oligos against E6 and E7 target the translation^ 
start sequences [3, 4]. Though translation inhibition and acti- 
vation of cellular RNase H's are thought to be key mecha- 
nisms, the precise action of these antisense oligos has not 
been determined. 

\V ; examined the effects of phosphorothioate-modified 
oligodeoxynucleotides which are complimentary to viral 
mRNA (antisense oligos) specifically targeting the E6 and 
E7 ATG regions of HPV-16. Fresh cervical tumor explants 
were confirmed to contain HPV 16 as well as cervical epithe- 
lial tumor cell lines either containing (SiHa and CaSki) or 
lacking (C33-A and HeLa) HPV 16. C33-A contains no HPV 
DMA, while HeLa contains HPV-18 DNA [10-12]. In this 
stud} we have demonstrated that the antisense oligos tar- 
geting the translation initiation sites of either E6 or E7 inhib- 
ited proliferation of HPV 16-containing cells when com- 
pared to cells lacking HPV 16. 

MATERIALS AND METHODS 

Cell lines. SiHa, C33-A, HeLa, and CaSki were obtained 
froih the American Type Culture Collection. Cell lines were 
maintained in Eagle's modified essential medium containing 
10% fetal bovine serum, 100 U/ml penicillin, 100 /xg/ml 
streptomycin, and 2.5 g/ml amphotericin B in incubators at 
37°C, 95% humidity, and 5% C0 2 . Confluent cell mono- 
layers were used for subculturing and to prepare cells for 
oligo treatment by detaching them with 0.25% trypsin/0.02% 



EDTA, manual counting with a hemacytometer, and ailution 
with media at 37°C. 

Oligos. Phosphorothioate oligodeoxyribonucleotides 27 
bases in length (Af r -8700) were synthesized by an auto- 
mated DNA synthesizer (Applied Biosystems 394 DNA/ 
RNA Synthesizer) in 1 mAf batches to 60-70% purity. Phos- 
phorothioate oligodeoxyribonucleotides were synthesized 
with all phosphodiester positions modified. Oligo prepara- 
tions were ethanol precipitated under sterile conditions, the 
pellets were resuspended in sterile water, and concentrations 
were determined by OD at 260 nm, with OD 260:280 nm 
ratios ranging between 1.5 and 2.0, consistent with single- 
strand oligos. Stock solutions of oligos were then prepared 
by dilution with the same medium used for cell incubations. 

The antisense oligos for sequences and targets for E6 
and E7, along with the scrambled control sequence (random 
sequence), are shown in Table 1 [13, 14]. A control sequence 
was generated from the corresponding antisense sequence 
of E6 using random number tables. 

Treatment of cell lines: Cells were treated in 96- well 
microtiter plates by first diluting oligos in sterile media and 
then adding the counted cell suspensions to 5000 cells/well. 
Final oligo concentrations were 16, 8, 4 ; 2, and 1 fiM in a 
final volume of 100 /xl/well. For experiments using a combi- 
nation of oligos, fixed 1 : 1 ratios of the two oligos were used 
at concentrations of 8, 4, 2, 1, and 0.5 each. All oligo 
concentrations were tested in triplicate for each experiment, 
and each experiment was repeated a minimum of three times. 
Incubations were carried out for 6 days without replacement 
of media or oligos. 

Preparation of cervical tumor cells. Fresh cervical tu- 
mor specimens were obtained intraoperative^ and trans- 
ported to our laboratory for processing. The four primary 
cervical tumors were surgical IIB, two IIIB's, and two recur- 
rences. All involved squamous histology, and tissues were 
obtained from gross nodal disease or parametrial break- 
through. No tissue from the vagina/cervix itself was obtained 
due to the possibility of bacterial contamination. A 1- to 2- 
cm piece of the fresh tumor tissue was set aside prior to 
processing the tumor cells and tested for HPV type using 
hybrid capture assays specific for HPV-16 (Hybrid Capture 
System, HPV 16 Probe Pack)[15]. Tumors not containing 
HPV-16 subtypes were excluded from oligo testing. 

Briefly, the fresh tumor tissue was submersed for 20 min 
in Hanks' balanced salt solution (HBSS) containing penicil- 
lin and streptomycin. Connective tissue and fat are then 
grossly dissected to minimize nonmalignant cell content. The 
remaining tumor tissue is then finely minced and incubated 
overnight in HBSS containing 5% fetal bovine serum (FBS), 
IX penicillin and streptomycin, 2.25 PUK/ml pronase, 0.2 
mg/ml collagenase, and 1400 U/ml DNase, Disaggregated 
tissue fragments and cells are then washed twice in HBSS 
with 5% FBS and suspended in enriched Cannaught Medical 
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TABLE 1 

The Phosphorothioate Oligodeoxyribonucleotide Sequences Used in This Study 






Sequence 




Oligo 


1 3 5 7 9 11 13 15 17 19 21 23 25 27 


G*C 


E6 antisense 
E7 antisense 
Random 


5'ACATTGCAGTTCTCTTT T G G T G C A T A A 3' 
5'TGTATCTCC ATGG ATGATTACAGCTGG3' 
5'GTCGACTAATC CGTTTTGAGATACTTT3' 


37 
44 
37 


HPV 16 E6 consensus 
HPV 18 E6* consensus 

HPV 16 E7 consensus 
HPV IS hi concensus 


5'TTATGCAC.CAAAAGAGAACTGCAATGT3' 

5' C T A T G G C G C G C T T T G A G G A T C C A A C A C 3' 
** **** *• ••• *** 

. 5'CCAGCTGTAA T C ATGCATGGAG ATACA 3' 
5' A T A. A T A T T A A G T A T G C A T G G A C C T A A G 3' 


% Mismatch 
67% 

529c 



^1 



Note. The anti-E6 sequence targets the E6 and E7 ATG regions of HPV 16 [18]. The sequence complimentary to the AUG translation start condon 
. of the E6 transcript is underlined in bold. Asterisk denotes mismatch. 



Research Laboratory (CMRL) media. Large tissue fragments Data analysis. IC 50 was defined as the oligo concentra- 

and cell aggregates are allowed to settle for 2 min. followed tion required for 50% growth reduction as compared to un- 

by aspiration of the upper media layer, which contains both treated controls and was calculated from the median effect 

single cells and small cell clusters. Approximate viable cell analysis by the methods of Chou and Talalay [18]. This 

counts are obtained using trypan blue dye exclusion. Cells calculation is derived from the x intercept determined bv 

were diluted to 200,000 viable cells/ml and aliquoted at linear regression analysis of the log (fjf u ) vs \og(Q plot. 

100,000 cells/500 /il in 24- well plates containing an agar where / a is the fraction affected, / u is the fraction unaffected 

underlayer to minimize nonmalignant cell growth. Use of = 1 -/ a , and C is the concentration] Correlation coefficients 

agar underlayers has been shown to effectively abolish the for individual ATP experiments averaged 0.957 ± 0.005 

growth of nonmalignant cells such as fibroblasts [16]. (SE), range 0.860-0.998. Since experiments from fresh pri- 

Treatment of primary tumor cells. Serial dilutions of 16, mary tumors could not be repeated separately, primary tumor 

8, 4; 2, and 1 fxM of each oligo (E6 and E7), as well as Day data were pooled for statistical purposes (see Table 2). All 

0 and 6 untreated controls, were plated out in triplicate on cell line experiments were repeated separately a minimum 

24- well plates containing 100,000 cell/well with agar under- of three times. 

layers (total volume = 0.5 ml). Combinations of oligos at a Synergistic vs antagonistic effects were quantitated by 

1:1 ratio were plated at concentrations of 8, 4, 2, 1, and 0.5 combination indexes as calculated by the methods of Chou 

fiM for each oligo. Incubations were carried out at 37°C for and Talalay [18], where at a given/ a = CI = [0.y)i/(Djc),] 

6 days with no media changes or additional treatments. + UPhflDx)^, with D x ^ =; experimental drug concentra- 

ATP cell viability assay. On Day 6 of incubation, intra- tions » and (Dx) u = calculated drug concentrations derived 

cellular ATP was extracted from the cells in each well and from * e median effect parameters of the individual agents 

quantitated by the ATP cell viability assay as previously 1 and 2 at/ aa= Jt . CPs less than, equal to, or greater than 1 

described [17]. Cells were lysed by 1 vol of 4% trichloroace- represent synergism (supraadditive), summation (additive), 

tic acid, and a 50-//1 aliquot was transferred to a clear plastic or antagonism (subadditive) effects, respectively, 

tube and neutralized by 2 vol of 0.1 M Tris buffer, pH 9.2. Statistics. Differences between IQo's of oligo-cell 

A 20-|il aliquot of this was transferred to another clear plastic treatment groups were calculated by standard two-tailed r 

tube for luminometer reading. The luminometer (Packard tests using Statview 4.1 on a Macintosh platform. 
Picolyte) injects 50 pi of Picozyme luciferin-luciferase 

complex into the tube and ATP-driven fluorescence is mea- RESULTS 
sured for 20 sec. Standard ATP solutions are diluted and 

assayed with each preparation of luciferin-r-luciferinase com- Table 2 shows the IC50S ± standard errors for the cell 
plex to establish a standard ATP curve confirming linearity lines and primary tumors for each of the oligos or oligo 
over the experimental range of fluorescence detection (10" 13 combinations tested. The IC 50 s for the HPV-16-positive cell 
to 10" i0 mole ATP/20 ^1 aliquot). Fluorescent units were lines SiHa and CaSki were about fivefold lower than the 
normalized to untreated controls to determine percentage of corresponding IC 50 s for the cell lines HeLa and C33-A lack- 
control ATP. ing HPV- 16, indicating that the inhibitory effects were spe- 
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IC S0 - Standard Errors (jjM) Values for Single and CombinatiortOligo Treatments 
m th. Four Cell Lines Tested and the Cervical Tumors 
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Cell lines 
HPV 16(+) 

SiHa 

CaSki 
Ave 

HPV 16 (-) 
HeLa 
C33-A 

Ave 
Primary tumors 

HPV 16(+) 
Cx 1148 
Cx 1055 
Cx 1058 
Cx 1020 

Ave 

HPV 16(-) 
Endometrial 
Ovarian I 
Ovarian 2 

.Ave 



8.72 
9-07 
8.90 

42.50 
67.95 
55.23 



8.83 
12.51 
19.92 

6.97 
12.06 

>16 
26.39 
23.47. 

>16 



1.12 


6.70 


0.49 


0.70 


9.48 


1.62 


0.18 


8.09 


1.39 


22.04 


30.20 


16.50 


22.25 


128.35 


87.94 


12.73 


79.28 


49.08 




5.49 






7.10 






13.65 






9.98 




2.86 


9.05 


1.79 



>16 
26.86 
111.68 
>16 



8.38 
9.93 
9.16 

14.93 
71.49 
43.21 



9.86 
11.38 

8.75 
13.31 
10.82 

36.49 
458.71 
147.94 

92.21 



0.96 
0.78 
0.77 

2.60 
22.96 
28.28 



0.99 



27.94 
16.10 
22.02 

40.06 
130.43 

85.25 



61.53 
240.64 
279.72 
249.17 
207.76 

>16 

62.04 
439.67 
>16 



4.28 
11.24 
5.92 

22.09 
49.66 
45.19 



49.46 



oligo) treated cell lines fell beyond the expenmental range of concentrauons used 110 /» ; * 
line used as control. 



cific to HPV-16 homologous sequences. Random ohgos pro- 
duced minimal inhibition in all cell lines and primary tumors 
(<->5% at the highest dose of 16 //M), except in Cabki, 
where 50% inhibition occurred at 16 /*M. Calculated IQoS 
for random oligos were significantly higher (P < 0.05 / 
test) than the E6 or E7 oligos in HPV-16-positive cells, 
except in CaSki (0.06 < P < 0.18, t test). 

Anti-E6 oligos were significantly more effective than b/ 
in SiHa (P = 0.04, t test), but not in CaSki. In prmwy 
tumors. E7 oligos were generally more effective than E6, 
but this trend did not reach statistical significance (see Table 
2). The average IC50S of each oligo treatment group tended 
to be higher for primary tumors than cell lines. Direct com- 
parisons between cell lines and primary tumor explants, 
however, are not useful given the different cell preparation 
and incubation conditions (see Materials and Methods). 

Figure 1 shows the dose-response plots for each of the 
ill: fiu treatments. As seen in Fig, la, the dose responses for 
Eo'oligos targeting the HPV-16 ATG sequences cluster into 
two groups. The cell lines lacking HPV (C33-A) or con- 
taining HPV-18 DNA (HeLa) have flat dose responses simi- 
lar to those of the random oligo controls (Fig. Id), indicating 
that the absence of specific target sequences renders cell 
lines relatively resistant to the effects of these oligos. The 



HPV-16-containing cell lines SiHa and CaSki, on the other 
hand, demonstrate a steady dose response with >50% inhibi- 
tion beginning around 8 [iM oligos. 

The dose-response plots for E7 demonstrate a similar 
clustering of curves (Fig. lb). While the HPV-16-negative 
cell lines remained above 50% inhibition with relatively flat 
dose responses, the HPV-16-containing cell lines demon- 
strated steeper dose responses and >50% inhibition in the 
higher 8-16 aim dose range. The combination of E6 and 
E7 as expected, also produced two types of dose-response 
curVes, although the separation of curves was less pro- 
nounced (Fig. lc). The random oligos produced almost Hat 
dose responses for all cell lines except CaSki. 

To further extend our findings with cell line responses 
to HPV-16 oligos, four HPV-16-positive primary cervical 
carcinomas were treated with the same panel of HPV-lo 
oligos. One endometrial and two ovarian carcinomas were 
grown and treated in an identical fashion to serve as HPV- 
16-negative controls. Figure 2 again shows grouping of dose 
responses among the HPV-16 tumors and negative controls 
While the HPV-16-containing primary tumors expenencea 
>50% inhibition at doses of 16 y.M, the non-cervical tumor 
controls and random oligo-treated cervical primaries demon- 
strated minimal growth inhibition at similar concentrations. 
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FIG. 1. (a) The reponse of the HPV I6(+) cell lines SiHa and CaSki contrasted with the HPV I6(-) cell lines HeLa and C33 to anti-E6 oligos. 
Responses clustered into two groups: HPV 16(-) cell lines demonstrating relative resistance to oligos. and HPV 16(+) cell lines exhibiting a "steady 
dose response with >50% inhibition starting at 8 fiM. (b) The response of HPV 16(+) cell lines SiHa and CaSki, and HPV 16(-) cell lines HeLa and 
C-33, to anti-E7 oligos at various concentrations.HPV 16(+) cell lines SiHa and CaSki containing the E6-targeted sequence experienced >50% inhibition 
at oligo doses >8 pM. HPV 16(-) cell lines C33 and HeLa remained above 50% inhibition demonstrating minimal oligo effects, (c) The response of 
HPV 16(+) cell lines SiHa, C33 and HPV 16(-) cell lines to equimolar combinations of anti-E6 and anti-E7 oligos. The dose-response curves for the 
HPV I6(+) cell lines exhibited inhibition even at very low doses (0,5 yM) with increasing levels of inhibition at higher doses, (d) The response of HPV 
16(+) cell lines SiHa and CaSki and HPV I6(-) cell lines C33 and HeLa, to a randomized (scrambled) control oligo with similar G*C content to ami 
E6 and anti-E7 oligos (see Table 1). Little effect was seen up to 8 yM oligo concentrations in all cell lines except CaSki, whose dose-response curve 
demonstrated increasing inhibition with increasing oligo concentration. 



Thus the apparent HPV- 16 specificity, of HPV- 16 E6 and 
E7 oligos applies to established cell lines as well as fresh 
cervical carcinoma cells in transient cultures. 



To further examine the effects of combined targeting of 
E6 and E7, CIs were calculated from the median effect pa- 
rameters as described under Materials and Methods. Con- 
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KIG. 2. The response of primary cervical tumors and control endome- 
tti;:: :>.:v\ ovarian tumors to anti-E6 and anti-E7 oligos. Confirmed HPV 
Km j cervical tumors were treated along with three HPV 16(-) controls 
(two ovarian tumors and an endometrial). HPV 16(+) cervical tumors expe- 
rienced >50% inhibition at doses of 16 //M, while HPV 16(-) controls 
show minimal inhibition at similar concentrations. 



trary to our initial expectations, E6 and E7 combinations 
resulted in predominantly antagonistic effects (Fig. 3). An- 
tago-i ■ : :ic effects, however, were either minimal (CaSki) or 
more pronounced at concentrations of oligos beyond the ex- 
perimental range calculated by median effect parameters. 
Synergistic effects did occur within the experimental range 
(fraction affected <50%, Fig. 3), but the significance of the 
extrapolated antagonistic effects is unknown. 

DISCUSSION 

We have previously shown that targeted antigene therapy 
against c~myc and p53 in ovarian cancer cell lines can result 
in antiproliferative growth effects [19]. Specifically, we have 
also found that oligos targeting p53 overexpression produce 
moderate reductions in detectable p53 expression and even 
more pronounced antiproliferative effects [20]. Interestingly* 
Storey et al [3] have reported an analogous experience in 
which. oligos targeting HPV-16 ATG start codon sequences 
produce specific (and nonspecific) growth inhibition in cervi- 
cal cancer cell lines, even though the rate of synthesis of E6 
and E7 proteins and the steady-state levels of E7 remained 
largely unchanged! They postulated that while specific ef- 
fects of oligos targeting HPV sequences could readily be 
demonstrated, the relative absence of changes in protein lev- 



els suggests that these oligos may be acting through other, 
indirect mechanisms, perhaps via interaction with homolo- 
gous cellular targets. Phosphorothioate oligos have been 
known to produce nonspecific inhibitory growth effects, pre- 
dominantly through the nonspecific inhibition of polymer- 
ases [21]. 

While we have not examined alterations in gene product 
levels in response to E6 and E7 oligos targeting the ATG 
start codon, we have confirmed the basic findings of Storey 
et al [3] and Steele et al [4] that antiproliferative effects 
of E6 and E7 oligos could be tailored to HPV-containing 
cells. This provides evidence that E6 and E7 sequences play 
an active role in the maintenance of the malignant growth 
phenotype and that targeting these sequences may be the 
basis for future antigene therapies for cervical cancer. 

Our data differ from those of Storey et al in two respects. 
First, they observed inhibitory dose responses to E6 and E7 
oligos in the HPV-negative cell line C33 (we did not). Sec- 
ond, their random control oligo produced little effect in the 
HPV-16-positive cell line CaSki, while we found that this 
was the only cell line that we tested which produced an 
inhibitory dose response to a random oligo (albeit moderate). 
Storey et al speculated that their nonspecific effects might 
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FIG. 3. Combination indices (CIs) calculated from the median effect 
parameters. Combination of anti-E6 and anti-E7 oligos resulted in predomi- 
nantly antagonistic effects (CI > 1) at higher doses, while synergism was 
observed at lower doses (CI < 1). 
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be due to interaction with the human somatic cytochrome 
c gene and the c-jun protooncogene/vvhich were 78-84% 
homologous with the HPV oligos [3], While this possibility 
is intriguing, however, others have demonstrated that oligos 
experience a marked degradation in binding ability with even 
a single base pair mismatch [5]. In contrast to the paper by 
Tan and Ting, we have not found any significant difference 
between effects of E6 and E7 in HPV 16-containing cervical 
cancer cell lines [5, 6]. In fact, with primary cervical tumors, 
we have observed that anti-E6 oligos have a consistently 
greater inhibitory effect than anti-E7 oligos. We do not know 
the reason for this difference in findings, especially in view 
of the unpredictable oligo responses observed by various 
other researchers. Perhaps differences in methodologies play 
an important role in evaluating and comparing the effects 
of antigene oligos. 

Cell line experiments were originally designed with the 
known HPV 16-negative HeLa and C33-A cell lines. In 
extending our investigation to primary cervical cell lines, 
we encountered a series of HPV-16-positive cancers without 
any evaluable (i.e., uncontaminated, viable in tissue culture) 
HPV- 18 tumors. Analogous to C33-A, we therefore chose 
to use ovarian and endometrial controls to demonstrate the 
absence of. response in HPV-negative tumors. Due to the 
prospective nature of acquiring primary advanced cervical 
tumors, however, we were not able to control the acquisition 
of HPV- 18 primary tumors during the course of this investi- 
gation. Early-stage cervical tumors were not studied because 
of the technical inability in these tumors' tissue cultures (i.e., 
bacterial contamination). Early-stage cervical cancers tissue 
samples are usually obtained from septic biopsy specimens 
usually heavily contaminated, therefore making sterile tumor 
tissue cultures practically impossible. 

The rapid ability to synthesize and test oligos targeting 
specific gene targets makes them exciting research (and po- 
tentially clinical) tools. A number of paradoxes and unex- 
plained phenomena permeate the existing literature, how- 
ever, and we have attempted to confirm and extend the anti- 
gene prospects for oligos targeting HPV sequences. We have 
generally confirmed the specific activity of these oligos in 
HPV-16-positive cells, and extended these findings to pri- 
mary cervical explants derived from advanced, metastatic 
lesions. Although we have previously found combination 
antigene therapy to yield synergistic effects [19], combined 
targeting of E6 and E7 in this study unexpectedly produced 
mixed synergistic and antagonistic effects. Although this 
finding is difficult to explain, one possible mechanisms may 
involve interference of one bligo by the other, such as 
through nonspecific binding. The nucleotides 18-22 of anti- 
E6 oligos may bind to nucleotides 6-10 of anti-E7 oligos, 
thereby causing such an effect. Even weak or nonspecific 
binding of one oligo to another may decrease the antiprolifer- 
ative effects to the point of causing an antagonistic net effect 
of the combination E6/E7 oligos. 



Before the application of antigene oligo technology to the 
clinical setting for cervical cancer therapy, further in vitro 
studies are needed to determine the reliability and feasibility 
of this approach. 
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Abstract 

Primary prostate epithelial and prostate adenocarcinoma cells cultured in serum-free medium grew for up tp 10 passages 
before senescence. Cells from prostate adenocarcinoma of a 55-year-old patient without lymph node involvement were trahs- 
fected with plasmids containing recombinant human papilloma virus HPV 16 or HPV 18 DNA and the selectable neomycin- 
resistance gene. After G-418 selection, cells underwent crisis, and surviving cells infected with retroviruses encoding the 
HPV 18 E67E7 genes (HPV-PAC1), transfected with a head-to-tail dimer of the complete HPV 16 genome (HPV-PAC2), or 
transfected with HPV 18 E67E7 early genes (HPV-PAC3) were established. HPV-PAC1 and HPV-PAC2 cultures appeared 
morphologically similar to primary cultures even after 40 passages. However, HPV-PAG2 cultures had a clonal morphology. 
All lines were positive for cytokeratin 18, had acquired vimentin expression, and contained either HPV 16 or HPV 18 se- 
quences integrated into host DNA. None was tumorigenic in nude mice or formed colonies in soft agar. These cells did not 
secrete prostate specific antigen nor respond to androgen although tamoxifen inhibited the growth of the cells. Irrimunohisto- 
cherriistry showed no evidence of p53 pverexpression. Further characterization of these cell lines and examination of their 
response to chemotherapeutic agents may provide relevant information for the study of hormone-independent PC. 

Keywords: Human prostatic cell; Immortalization; Human papilloma virus DNA 
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1. Introduction 

Prostatic carcinoma is the most frequently diag- 
nosed malignancy and a major cause of cancer deaths 
for males in the United States second only to lung 
cancer [lj. The incidence of prostate carcinoma in- 
creases most rapidly with age [2,3]. Although poten- 
tially curable in its early stages, metastatic prostatic 
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cancer is incurable, with temporary remission com- 
monly achieved by hormonal therapy. Despite the 
high morbidity and mortality of the disease, the mo- 
lecular events involved in the development arid pro- 
gression of prostate cancer are still poorly defined. 
Mutational activation of the ras oncogenes [4] and 
inactivation of the p53 and retinoblastoma tumor 
suppressor genes [5-7] have been observed. The fre- 
quency of these genetic events, however, appears to 
be rather low, even in advanced stages of the disease. 
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Therefore, a growing need to gain further understand- 
ing of the genetic pathways underlying prostate tu- 
morigenesis exists. 

Epidemiological and clinical studies implicate 
human papilloma virus (HPV) in the etiology of a 
variety of squamous epithelial tumors [8,9], HPV16 
and -18 account for approximately 70% of HPV 
positive cervical carcinoma. Unlike DNA from HPV- 
6 and -11, which induce benign genital tumors 
[10,1 1], DNA from HPV 16 and -18 can immortalize 
primary keratinocytes in culture and this difference in 
transformation ability appears to be due to biological 
differences in their E6 and E7 genes [12,13]. The E6 
and E7 proteins of malignancy-associated HPV but 
not benign-associated HPV combine efficiendy with 
the tumor suppressor proteins of the p53 and retino- 
blastoma genes, respectively [14,15]. Differences 
also exist between HPV 16 and HPV 18 in that the 
latter is 10-50-fold more active in immortalizing 
keratinocytes in vitro [16], and these differences map 
predominantly to the viral enhancer region [17]. Re- 
ports show that HPV18-immortalized keratinocytes 
spontaneously progressed to malignancy [18]. 

One of the most characteristic features of HPV in- 
fectivity is site and cell type specificity. The current 
evidence does not implicate HPV in human prostate 
cancer. While earlier studies claimed a high preva- 
lence of HPV 16 in benign prostatic hyperplasia 
(BPH) and prostate adenocarcinoma [19-21], more 
recent evidence strongly argues against any causative 
involvement of HPV in human prostate tumorigene- 
sis [4,22,23]. HPV 16 and 18 DNA was used in the 
present study to immortalize human prostate epithe- 
lial (HPE) cells to provide a model for investigating 
the pathways in prostate tumor progression. 

2. Materials and methods 

2.7. Prostate cell culture 

Human prostatic tissue was obtained after pros- 
tatectomy from patients diagnosed with primary ade- 
nocarcinoma. Tissue was minced to 1-2 mm and 
incubated ON at 37°C in collagenase 200 U/ml 
(Worthington) in HBSS, with 5% FBS. The digest 
was triturated by repeated pipetting and centrifuged. 
The pellet was washed with HBSS, resuspended and 
plated in 100 mm culture dishes. The culture media 



was a modification of MCDB153-LB [24], When 
prostate epithelial cell colonies reached 0.5-1 cm 2 , 
the primary culture was passaged with trypsin/EDTA 
(0;2%/0.02%). Cells were plated at a density of ap- 
proximately 0.5 X 10 6 in 100 mm dishes and used 
for HPV transfection. 

2.2. Recombinant plasmids 

The plasmid pMHPV16d, a head to tail dimer of 
HPV 16 DNA [25] inserted into the BamHI site of the 
plasmid pdMMTneo [26] and recombinant retrovi- 
ruses encoding HPV 18 E6 and E7 genes have been 
described [27,28]. 

2.3. DNA and RNA analysis. 

High molecular weight DNA was isolated using 
DNA Stat-60 (Tel-test B, Inc.). Ten micrograms of 
purified DNA was digested with restriction endonu- 
cleases BamHI or EcoRI and DNA was separated by 
electrophoresis in 0.8% agarose gels and transferred 
to Gene Screen membrane (New England Nuclear). 

DNA probes used for hybridization analysis were 
the BamHI fragment of HPV 16 or the EcoRI frag- 
ment of HPV 18, purified from the respective vectors. 
DNA was labeled to high specific activity (5 X 
10 8 dpm/^g of DNA) by using [ 32 P]dCTP and the 
multiprimer DNA labeling kit purchased from Amer- 
sham (Amersham Corp., Arlington Heights, IL). 
Membranes were hybridized according to the proto- 
col described by Church and Gilbert [29]. Prehy- 
bridization was performed in 0.5 M sodium phos- 
phate (pH 7.2), 1% SDS, I mM EDTA and 1% bo- 
vine serum albumin for 2-4 h at 65°C in rotating 
tubes. Hybridization was performed overnight in the 
same buffer. The filters were washed first with 2x 
SSC, 0.5% SDS, then with 2x SSC, 0.1% SDS at 
24°C for 15 min and finally with O.lx SSC and 0.5% 
SDS at 65°C for 2 h (Tm-17C). Under these condi- 
tions HPV 16 and -18 do not cross hybridize. Auto- 
radiography was performed by exposing the filters to 
Kodak XAR-5 film at -70°C with an intensifying 
screen for 24 h. To estimate HPV copy number, an 
amount of plasmid equal to 0.5, 2.5 or 5 copies per 
cell was mixed with salmon sperm DNA and also 
analyzed by Southern blot. The 8 kb position indi- 
cates linear HPV. 
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Total RNA was extracted from the cells with RNA 
State-60 (Tel-test B, Inc.). RNA electrophoresis was 
performed in \% agarose gels containing 2.2 M for- 
maldehyde. RNA was transferred to a Gene-Screen 
filter and hybridized as described for DNA. 

2.4. Immunohistochemistry 

Cells were fixed in culture dishes with ice-cold 
methanol/acetone (2:1) for 15 min, air-dried and used 
for immunostaining. The antigens tested were identi- 
fied by indirect immunofluorescence or immunoper- 
oxidase labeling. Mouse monoclonal antibodies were 
used to detect cytpkeratin 18 (Sigma), Vimentin 
(Sigma), prostatic specific antigen PAS (Sigma), 
prostatic acid phosphatase, PAP (Sigma), and p53 
(Oncogene Science). After Ih incubation at 24°C 
with the appropriate dilution of cytokeratin antibod- 
ies, rabbit anti-mouse immunoglobulin was added for 
30 min. ' 

2.5. Growth curves and androgen binding 

The effect of the anti-estrogen tamoxifen on HPE 
growth was determined on cultured cells 24 h after 
attachment. The medium was replaced with medium 
containing 0.01, 0.1, 1, or 10^M tamoxifen. Tripli- 



cate cultures were incubated for 7 days and medium 
was changed every 48 h. Cells were trypsinized and 
counted with a hemacytometer. Viability was deter- 
mined with 0.4% Trypan blue. To determine the 
presence of androgen receptors, intact cells were as- 
sayed for specific binding of the synthetic androgen, 
[ 3 H]mibolerone (New England Nuclear). The cells 
were cultured in 12- well culture plates in SFM- 
keratinocyte basal medium for 72 h. Medium con- 
taining labeled mibolerone (10~ 12 -10~ 7 M) was added 
for 1 h at 37°C. Intracellular radioactivity was solu- 
bilized with 0.5 M NaOH after washing the wells 
three times with ice-cold TCA. For growth assays 
with mibolerone (10~ I2 -10- 7 M) the total number of 
cells were counted after 7 days. 

3. Results 

Primary cultures of HPE cells derived from nor- 
mal prostate tissue migrated from attached acini (Fig. 
1, passage 0) and reached confluence within 1 week 
(Fig. 1 , passage 1 ). With subsequent passages, the 
cells became larger and more flattened (Fig. 1, pas- 
sage 5), appeared to senesce, and could no longer be 
subcultured. 

Primary cultures from prostate tissue of a patient 
diagnosed with prostatic adenocarcinoma (Gleason 




PASSAGE 0 



PASSAGE 1 



PASSAGE 5 



Fig. 1. Morphology of primary HPE cultures. Acinar structures I day after collagenase digestion of primary prostate tissue (passage 0). 
Confluent monolayer of epithelial cells 1 week after isolation (passage 1). Senescent cells (passage 5). 
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Fig. 2. Morphology of HPV transfected prostate adenocarcinoma cells. (A) Cells migrating from isolated acini; (B) HPVI6d immortalized 
cells post-crisis exhibit rounded morphology. Cells are stained with keratin antibody. (C) HPV 1 8 E6, E7 DNA immortalized cells exhibit a 
typical epithelial morphology (keratin stained). No specific staining was observed without primary antibody and in control fibroblast cul- 
tures. 



grade 3 + 4 = 7) migrated from attached acini (Fig. 
, 2A) and formed typical epithelial monolayers similar 
to HPE cells from normal prostate. These cells also 
eventually senesced (data not shown). Secondary 
cultures of these adenocarcinoma cells were trans- 
. fected with pMHPV16d, the HPV 18 E6/E7 genes or 
vector pdMMTneo or infected with the retrovirus 
HPV18 E6/E7 genes [28] and selected for resistance 
to the antibiotic G418 (lOO/tg/ml of media) for 48 h. 
Cells were passaged by trypsinizatipn once a week. 
Cells transfected with HPV16d continued to prolif- 
erate after passage 10 followed by a series of crises 
after passage 25. After 3 months, significant differ- 
ences in morphology were observed (Fig 2B). The 
cells were smaller and almost round. Growth during 
crisis was very slow with doubling times of 60-90 h 
but after crisis (passage 68) the doubling time was 
40 h. Hie cells have been subcultured repeatedly and 
ho further crises have been observed. In contrast* 
HPV18 transfected cells did not undergo crisis with 
subculturing. Several HPE isolates were immortal- 
ized by HPV 18 DNA, one of which is described here 
(Fig. 2C). These HPE/HPV immortalized cell lines 
grew to confluence but did not overgrow the mono 



layer and thus never lost contact inhibition. No col- 
ony formation in soft agar was observed, nor were 
tumors induced after subcutaneous cell injection into 
nude mice. The effect of tamoxifen on cell growth 
was examined because of the reported effects of ta- , 
moxifen in increasing TGF/J production. Tamoxifen 
inhibited the growth of HPE/HPV cells at concentra- 
tions greater than 1 /*M (data not shown). 

HPE/HPV cells grew in SFM-keratinocyte me- 
dium and exogenous androgen did not stimulate the 
growth of the cells suggesting- a loss of androgen 
response. Confirming this* specific hormone binding 
assays were negative. Because. PSA expression is 
regulated by the androgen receptor, the expression of 
PSA and specific epithelial cytokeratin 18, vimentin, 
and prostatic acid phosphatase (PAP) were examined 
by immunocytochemistry (Table 1). Cytokeratin 18 
is constitutively expressed in secretory prostatic 
epithelial cells and was detected in HPE/HPV 16 and 
18 immortalized cells. Vimentin which is often pres- 
ent in cultured epithelial cells, was also present. PAP 
and PSA, markers of secretory prostatic cells in nor- 
mal and well differentiated prostatic carcinoma, were 
present in the initial passages, but progressively di- 
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minished and were not detectable after passage 10.; 
At passage 35 PSA was negative when analyzed by 
ELISA techniques (Tandem PSA kit, Hybritech 
Corp) which can detect 1 ng/ml of PSA. p53 protein 
expression was negative as expected because the E6 
protein of oncogenic HPV types binds to p53 leading 
to increased protein turnover. 

To determine whether HPV 16 or 18 DNA was 
present in the HPV 16 or 18 immortalized HPE cell 
lines, high-molecular- weight DNA was obtained at 
early (E) or late passages (L) (12-14 to 35-50). Di- 
gestion with EcoRI and detection with an HPV 18- 
specific probe revealed a band from HPE/HPV 18 
transfected cells and control HeLa cells (Fig. 3 A), 
indicating intejgration of the HPV genome. HPE/ 
HPV16d transfected cells and control SiHa cells 
(containing HPV 16) did not exhibit a band. However, 
an HPV16-specific probe detected HPV 16 sequences 
in HPE/HPV l6d transfected early and late passage 
cells and control SiHa cells, The HPE/HPV16d cell 
line was tested for resistance to G418, and results 
revealed loss of resistance to G4 18 while the 
HPE/HPV18 cell line retained G418 resistance. 

To estimate the number of HPV 16 copies in the 
transfected lines, a reconstruction experiment was 
performed by mixing amounts of the plasmid DNA 
equivalent to 0.5, 2.5 and 5 HPV copies.per cell with 
salmon sperm DNA. The DNA was digested with 
BamHI. The copy number of HPV in the HPE/HPV 
cell lines was less than 1 suggesting that part of the 
HPV genome was lost. The state of the HPV 16 se- 
quence in HPE/HPV 16d cell lines at early and late 
passages was similar and suggests that rearrange- 
ments did not occur during culture. 

Tabid 
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Fig. 3. Southern blot to detect HPV 18 and HPV 16 sequences. 
Genomic DNA was digested with EcoRI and resolved on agarose . 
gels. (A) An HPV18-specific probe was used. HeLa cell DNA was 
the positive control. (B) An HPV 1 6-specific probe was used. SiHa 
cell DNA was the positive control. An 8 kb BamHI plasmid frag- 
ment was used as a marker and is indicated by the bar. 

4. Discussion 

Primary adenocarcinoma prostate cells were im- 
mortalized using HPV16 and 18 DNA. The trans- 
fected HPE/HPV cell lines have now been cultured 
for more than 12 months and 70 passages. HPV 16 or 
18 DNA was responsible for the extended life-span 
of HPE cells since vector sequences alone were inef- 
fective. Maintenance of HPV sequences did hot de- 
pend on G418 expression as demonstrated by two of 
the three cell lines that lost G418 resistance. 

None of the primary prostate epithelial cell iso- 
lates were immortalized with the recombinant papil- 
lomavirus DNA. In contrast, the efficiency of immor- 
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talization of kefatinocytes is higher. This may be due 
to the fact that in cervix the relatively abundant basal 
cells are susceptible to infection by virus, and as a 
result of differentiation clones of infected cells can be 
detected by in situ hybridization. The low efficiency 
in prostate tissue may result from (1) fewer basal 
cells in the prostate, compared to the cervix, (2) the 
medium used in these experiments which was opti- 
mized for growth of keratinocytes and not prostate 
epithelial cells, or (3) the age of the donor. 

HPV sequences are found in the overwhelming 
majority of cervical carcinoma or carcinoma-derived 
cell lines [30-33]. The immortalized HPE cells in 
this study also contained HPV sequences. HeLa cells 
contain 50-100 copies of the HPV18 genome and 
SiHa cells contain one copy of the HPV 16 genome 
[34]. From the Southern analysis, the HPE/HPVI8 
cells contained much less than 50 copies of HPV 1 8 
since approximately one-half as much HeLa DNA 
was applied to the gel than HPE/HPV18 DNA! The 
HPE/HPV16 cells contained less than one copy of the 
HPV 16 genome per cell as verified from the South- 
ern analysis (Fig. 3B) and from reconstruction ex- 
periments with salmon sperm DNA. Our results ard 
consistent with the hypothesis that extension of life- 
span (immortalization) by HPV requires integration 
of the viral DNA in the host genome. 

The available human prostate carcinoma cell lines 
PC-3 [35], DU-145 [36], TSU-prl [37], and LNCaP 
[38], are derived from metastases, and only LNCaP is 
androgen dependent. This cell line has a mutation at 
codon 877 in the androgen receptor gene, a mutation 
frequently seen in treatment-resistant prostate carci- 
noma. To study the events, leading to prostate tu- 
morigenesis, several groups have cultured immortal- 
ized prostate epithelial cells. Viral immortalization 
using SV40 T antigen, adenovirus El A, or HPV 1 8 
DNA have been reported [21,39-41]. Adenovirus 
El A was unsuccessful (W. Isaacs, pers. commun.). 
We also found HPV18 to be effective at immortali- 
zation. In addition, although HPV 16 may be less on- 
cogenic than HPV 18, the current results show for the 
first time that the HPV 16 dimer can also immortalize 
human prostate epithelial cells. 

In humans, the standard therapy for metastatic 
prostatic cancer has been androgen ablation. Andro- 
gen independent prostate cancer cells, however, exist 
even before therapy is initiated. In animal models 



androgen ablation induced by castration causes the 
regression of tumor due to activation of apdptosis of 
androgen dependent cells [42]. The effect is probably 
due to an enhanced expression of the transforming 
factor beta (TGF/?) gene which is also a potent inhibi- 
tor of cell proliferation of many malignant epithelial 
cells. The HPV immortalized cell lines were sensitive 
to the growth inhibitory properties of tamoxifen 
which may be mediated by TGF/?. Tamoxifen re- 
duced the growth of these cell lines by 90% while 
TGF/? reduced cell growth by 30%. New therapeutic 
approaches for androgen independent prostate cancer, 
leading to a programmed cell death pathway are re- 
quired. The use of agents that activate TGF/? in such 
therapy needs further investigation. 

Effective chemotherapy, specifically targeted 
against the androgen-independent cancer cell can be 
combined with other methods. Unfortunately there 
are presently no highly effective chemotherapeutic 
agents that can eliminate androgen-independent 
prostatic cells. HPE/HPV immortalized cell lines 
combined with other prostatic metastatic cell lines 
may be useful in examining the effects of various 
therapeutic agents that may be effective inhibitors of 
androgen-independent prostate tumor'cells. 
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Abstract 

Human papillomaviruses (HPV) infect mucoal and cutaneous epithelium resulting in several types of p'athologies, most notably, 
cervical cancer. Persistent infection with sexually transmitted oncogenic HPV types represents the major risk factor for the 
development of cervical cancer. The development of HPV-associated cervical cancer has been closely linked to the expression of 
the viral oncogenes E6 and E7 in the tumor cells. The major viral oncoproteins, E6 and E7, target the cellular; tumor suppressor 
gene products p53 and Rb, respectively. As detailed within, these interactions result in the stimulation of proliferation and the 
inhibition of apoptosis, thus representing major oncogenic insults to the infected cell. In addition to mediating transformation, the 
E6 and E7 genes also play significant roles in altering the immune response against infected cells by suppressing interferon (1FN) 
expression and signaling. At the clinical level, IFNs have been used in the treatment of HPV-associated cervical intraepithelial 
neoplasia (CIN) or cervical cancers with mixed results. The success of the treatment is largely dependent on the subtype of HPV 
and the immune response of the patients. Despite this inefficiency, the increasing knowledge about the regulation of I FN signaling 
pathways at molecular level may hold a promise for the use of new therapeutic strategies against HPV infection. Studies on the 
regulation of the function of IFN-inducible- gene products by the E6 and E7 may lead to the development of new therapeutic 
approaches based on strategies that modify the function of the HPV oncoproteins and restore IFN-signaiing pathways through 
endogenous control mechanisms. © 2001 Elsevier Science Ltd. All rights reserved. . 
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1. Human papillomaviruses 

Human papillomaviruses (HPVs) are small double 
stranded DNA viruses, which infect cutaneous and 
mucosal epithelium resulting in a variety of clinically 
important conditions, most notable cervical cancer [1]. 
The incidence of cervical cancer in North America is 
relatively uncommon due to the effectiveness of 
screening programs that assess cervical cytology by 
the Papanicolaou smear. However, on a global scale, 
cervical cancer is a major cause of mortality, espe- 
cially in developing countries where screening pro- 
grams are not routinely performed [2]. Precursor 
lesions for cervical cancer are known as cervical in- 
traepithelial neoplasia (CIN). The observation that 
ON occurs at a younger age than does invasive dis- 
ease is consistent with the long latency period re- 
quired to develop cervical cancer, which can take 
over 10 yr. Therefore, cervical cancer is a preventable 
disease if CIN lesions are detected early. 

The epidemiology of cervical cancer has always 
suggested that it is sexually transmitted disease [3-5] 
implying an etiological role for an infectious agent. 
There is now no doubt that the infectious agent in- 
volved in cervical neoplasia is HPV and infection 
with the so-called oncogenic or high risk HPV types 
16, 18, 31, 33, 35, 39, 41-45 is the major risk factor 
for this disease. However, the available epidemiologi- 
cal evidence also shows that that HPV infection alone 
is not sufficient for neoplastic progression. Thus only 
a fraction of individuals infected with high-risk 
viruses go on to develop CIN or cervical cancer. 
About 30% of CIN cases will progress to cervical 
cancer [6]. The HPV genome is usually present in an 
episomal configuration during infection and CIN, 
whereas in invasive cervical cancer, the genome is 
commonly integrated into the host DNA [7]. The 
only viral genes which are consistently expressed fol- 
lowing integration is the E6 and E7 oncogenes and 
these genes are critical for the development of malig- 
nant transformation and also play a role in altering 
the cellular response to cytokines. 



2. Transforming activity of the HPV oncoproteins 

The genome of HPVs contains eight genes includ- 
ing the E6, E7, E5, E4, E2, EI, LI and L2 genes. 
The early (E) genes are predominantly involved in 
regulating the viral life cycle and the late (L) genes 
encode the viral capsid proteins. The major viral 
transforming genes are the E6 and E7 genes, which 
target the cellular p53 and Rb genes respectively [8- 
10]. This review will therefore focus on the biological 
activity of the E6 and E7 genes. 

The oncogenic potential of the E6 and E7 proteins 
from the high-risk HPVs is due predominantly to the 
ability of these viral proteins to target and inhibit the 
activity of the cellular p53 and Rb tumor suppressor 
proteins respectively. Since p53 and Rb induce apop- 
tosis and control cell-cycle progression respectively, 
their inactivation by E6 and E7 represents a major 
carcinogenic insult to the infected cell. The continued 
expression of E6/E7 is necessary to sustain the prolif- 
eration and anti-apoptotic character of cervical cancer 
derived cells [11-13]. The ability of HPV to target 
both Rb and p53 allows the virus to stimulate cell 
replication, which also results in the replication of the 
viral genome while inhibiting apoptosis in the infected 
cell. Moreover, it has also been revealed that E6 and 
E7 may play a role in maintaining viral episomal 
DNA stability during infection [14]. 



3. The transforming activity of E6 and inhibition of 
apoptosis 

The E6 proteins contain approximately 150 amino 
acids depending on the HPV type with an apparent 
molecular weight of about 18 kDa. Due to the low levels 
of this protein in the cell and a lack of good antibodies, 
it has been difficult to determine its location within the 
cell. Our own recent observations show that the 
oncogenic E6 proteins are equally distributed between 
the nucleus and the cytoplasm, whereas E6 from the 
non-oncogenic HPV types are predominantly cyto- 
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plasmic (unpublished observations). This is consistent 
to what has been previously reported for the oncogenic 
HPV E6 proteins [15,16]. It is also possible that the 
location of the E6 protein could change depending on 
the differentiation status of the cell or in response to 
different extracellular stimuli. 

As mentioned above, a major target of oncogenic 
type E6 is the p53 tumor suppressor protein and this 
results in the degradation of p53 via the ubiquitin 
proteolytic pathway [17,18]. This observation provides 
a logical explanation why the p53 tumor suppressor 
gene is seldom mutated in HPV-positive cervical tumors 
[19,20]. In comparison, the p53 gene is mutated in the 
majority of other cancer types [21]. Cells expressing E6 
lose the Gl checkpoint presumably due to loss of p53 
[22] and are resistant to p53-mediated apoptosis [23- 
25]. The degradation of p53 by oncogenic type E6 is 
dependent upon a cellular protein termed E6-AP (E6- 
Associated Protein) [18,26]. There has however not 
been any link demonstrated to date between E6-AP and 
p53 in the absence of E6. 

The ability of E6 to mediate p53 degradation is very 
important considering that p53 places a zero tolerance 
on cellular abnormalities through mediating apoptosis 
and preventing cell proliferation [27,28]. Therefore in 
order for tumor cells or viral oncogene expressing cells 
to survive, the p53 tumor suppressor protein must be 
lost through gene mutation or viral protein interaction. 
In the case of oncogenic HPVs, E6 is responsible for 
mediating the degradation of p53 thus ensuring the 
survival of the infected cell [14]. 

Another important activity of E6 with respect to 
mediating cellular immortalization and subsequent 
transformation is its ability to activate cellular telom- 
erase activity [29]. The telomerase enzyme is important 
to maintain the stability of the chromosome ends 
(telomeres) during multiple rounds of cell proliferation. 
It is however unclear what role the telomerase enzyme 
may play in the normal virus life cycle. 

A number of other cellular targets for E6 have also 
been identified and these may also contribute to the 
oncogenic activity of this protein. For example, the 
E6/E6-AP complex has also been implicated in the 
degradation of the apoptosis inducing c-Myc [30] and 
Bak proteins [31]. E6 from HPV- 1 6 can also associate 
with the transcriptional co-activators CBP and p300 
[32,33]. Since CBP/p300 is involved in the transcrip- 
tional activity of p53, this association also reduces the 
transcriptional transactivation activity of p53. Onco- 
genic HPV E6 has also been shown to mediate the 
degradation of the discs large (Dig) tumour suppressor 
proteins, which have been shown to have tumor sup- 
pressor protein activity in Drosophila [34]. Dig proteins 
may function as components of signal transduction 
pathways transmitting growth inhibitory signals from 
regions of cell-cell contact to downstream effectors 



which block cell proliferation and migration [35], Taken 
together, E6 may have multiple activities in addition to 
inhibiting p53 and further studies are needed to define 
these interactions with respect to cell transformation. 

4. The transforming activity of E7 and induction of cell 
cycle progression 

As with E6, expression of E7 is necessary for the 
continuing proliferation of HPV containing cervical 
cancer cell lines [11,36,37]. The E7 proteins from the 
various HPV types contain approximately 100 amino 
acids and, similar to E6, contain a zinc binding motif in 
the C-terminal region [38,39]; The E7 protein is nor- 
mally phosphorylated by casein kinase II [40] and has 
been located in a variety of cellular locations including 
the cytoplasm, the nucleus, and the nucleoli [41-44].. 
The HPV E7 shares homology with other DNA tumor 
virus proteins including Adenovirus El A and SV40 
large T and has been shown to interact with many of 
the same cellular targets including the Rb, pl07. and 
pl30, cyclin A, cyclin E, and AP-1 [44-48]. Given the 
nature of these cellular targets, .these interactions sug- 
gest that a major role for E7 is' to disrupt normal cell 
cycle control. Several studies have shown that expres- 
sion of E7 is associated with increased cellular DNA 
synthesis [49-51], The increase in DNA synthesis and 
cell proliferation is largely as a result of the interaction 
between E7 and the Rb family of proteins including 
Rb, pi 07 and pi 30. These interactions interfere with 
the ability of the Rb family to suppress the transactivat- 
ing activity of the E2F transcriptional transactivators. 
E2F responsive promoters include dihydrofolate reduc- 
tase, thymidine kinase, cdc 2, cyclin A, cyclin D. and 
DNA polymerases [52], Expression of these genes is 
required for DNA synthesis and progression through 
the cell cycle and expression of E2F alone has been 
shown to induce DNA synthesis [53]. Therefore. E7 
perturbs the normal control of cell proliferation by 
inhibiting the function of Rb resulting in the activation 
of E2F mediated transcription resulting in the induc- 
tion of gene products which stimulate DNA synthesis 
and cell proliferation,. It has also been shown that E7 
destabilizes Rb and the related pi 07 protein potentially 
through the ubiquitin proteasome pathway [54,55]. The 
crystal structure of a C-terminal region 9 amino acid E7 
peptide bound to Rb has now been defined [56]. 

In addition to targeting Rb and related proteins, E7 
has also been shown to interact with the other cell cycle 
inhibitors including p21 [57,58] and p27 [59]. Clearly 
the interaction and suppression of these cell cycle in- 
hibitors. contribute further to the ability, of E7 to stimu- 
late cell proliferation through disrupting key cell cycle 
control molecules. 
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5. Synergism between E6 and E7 in inducing cell 
proliferation and inhibition of apoptosis 

As mentioned above, both E6 and E7 bind to a 
number of cellular proteins, which play key roles in 
regulating cell cycle and apoptosis. It is noteworthy 
that inactivation of Rb results in the induction of 
E2F-mediated transcription, which in turn leads to the 
expression of the pl4 ARF protein that stabilizes p53 
by inhibiting MDM2-mediated p53 degradation [28]. 
Consequently, expression of oncogenes with E7-like 
activity can effectively induce p53-mediated apoptosis. 
Therefore, it is essential that HPV counteract the E7- 
mediated apoptosis through the above pathway by 
targeting p53 for degradation with the E6 protein. A 
summary of the functions of E7 and E6 in inducing cell 
proliferation and inhibiting apoptosis is shown in Fig. 
1. Under these conditions, the viral genome is thus 
allowed to replicate and ultimately produce new viral 
particles in infected terminally differentiated cells. 



6. HPV infection and regulation of immune system 

Persistence of cutaneous and genital-HPV-induced 
lesions is common suggesting that infections can be 
sustained for an extended period without the induction 
of an effective immune response [60]. This also suggests 
that HPVs have evolved mechanisms for subverting the 
activation of immune response. Limiting exposure of 
viral gene products to the host immune system is an 
important evasion mechanism for these viruses [61]. 
First, there is no viremic phase during the life cycle, so 
the systemic immune system is avoided. Second, very 
low levels of viral proteins are expressed in the basal 
and spinous layers of epidermis, where they would be 
most likely to be recognized by Langerhans cells and 
infiltrating lymphocytes. Thirdly, extensive production 
of viral proteins takes place in terminally differentiated 
layers of the epidermis where shedding of the virus 
from this surface limits the exposure of assembled 
virions to the host immune system. 
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Table 1 

Efficacy of IFNs in the treatment of HPV-associated disease 



Table \ (Continued) 



Disease 



HPV subtype Efficacy References 



IFN-ce 
Cervical 
intraepithelial 
neoplasia 



CIN of lower 


16 


Effective 


[99] 


genital tract 








CIN 


6/1 1/16/18 


Partial 


[100] 


Cervical cancer 


N/A 


Partial 


[101] 


CIN 


16 


Partial 


fl02] 


HPV-infected 


N/A 


Partial 


[103] 


cervix 








CIN2 


N/A . 


No effect 


[104] 


Other genital 








infections 








Condylomata 


6/1 1 


Effective 


[105] 


acuminata 








Buschke-Lowenste 6/1 1 


Effective 


[106] 


in tumor 








Vulvar 


16/18 


Effective 


[107] 


vestibulitis 








Condylomata 


6 


Effective 


[108] 


acuminata 








Intra vaginal 


N/A 


Effective 


[109] 


warts 








Infected lower 


N/A 


Effective 


[110] 


genital tract 








Genital . 


N/A 


Effective 


[111] 


condyloma 








acuminatum 








Genital warts 


N/A 


Effective 


[112] 


Chronic 


N/A 


Partial 


[113] 


vulvodynia 








Vestibular 


N/A 


Partial 


(114) 


papillomatosis 








Cervical 


U/16 


Partial 


1115] 


condyloma 








Genital warts 


16/18 - 


Partial : 


[116] 


Condylomata 


16/18 


Partial 


[117] 


acuminata 








Microcondylomato N/A 


Partial 


[118] 



Genital 


6/11/16/18 


No effect 


[119] 


HPV-infections 








Laryngeal lesion 








Laryngotracheal 


6/11 


Effective 


[120] 


papillomatosis 








Laryngeal 


6 


No effect 


[121] 


papilloma 








Respiratory tract 








papillomas 








Respiratory tract 


6/11 


No effect 


[122] 


papillomas 








IFN-p 








Cervical 








intraepithelial 








neoplasia 








CIN grade II 


N/A . 


Effective 


[123] 


CIN 


N/A 


Effective ' 


[124] 


CIN-II 


N/A ' 


Effective 


[125] 


CIN 


N/A 


Effective 


[126] 



■ Disease 


HPV subtype 


Efficacy 


References . 


CIN I, II & III 


N/A 


Effective 


[127] 


CIN 


N/A 


EfTective 


[128] 


CIN 


N/A 


Partial 


[129] 


CIN I & II 


N/A 


Partial 


[130] 


U ther genital 








in fprtinn ? 










XT/ A 
IN/A 


Effective 


• 

[131] 


condylomata 








acuminata 








Intraepithelial 


N/A. 


' em ecu ve - 




genital lesion 








Genital HPV 


N/A 


• 

Effective 


n in 
[133] 


infections 








Severe vulvar 


N/A 


- . . 
Effective 


f 1 1A1 

[134] 


vestibulitis 








Cervical & vaginal N/A 


hnective. 


[135] 


lesions 








Genital 


N/A 


Effective 


[136] 


condylomatosis 








Genital wafts 


2/6/11 


Partial 


[137] 


HPV-infected 


N/A 


Partial 


[138] 


dysplasia 








Lower female 


N/A 


Partial 


[128] .. 


genital tract 








Vulva infection 


N/A 


No effect 


[IjVJ 


IFN-y 








Cervical 








Intraepithelial 








neoplasia 








CIN 


High risk 


Effective 


[140] -. 


Cervical carcinoma 


16. 


Fffpft i vp 

i—tl J trl^l 1 V W 




Other genital 








infections 








Condylomata 


6 


Effective 


[142] 


acuminata 








. Bowenoid 




. Effective 


[143] . 


papulosis (BP) 








Genital warts 


All types 


Effective 


[144] 



The expression of major histocompatibility complex 
(MHC) class I- and MHC class II-restricted T-cell 
responses are important for the control of most viral 
infections [62]. However, it appears that HPVs have 
evolved specific mechanisms to prevent their proteins, 
particularly those expressed in the lower layers of the 
epithelium, from being efficiently recognized by T cells. 
This is possibly mediated by producing viral proteins 
that are not efficiently presented as part of MHC 
complexes. Alternatively, HPV may have developed 
mechanisms that directly interfere with MHC expres- 
sion and function as has been described for other DNA 
virus such as adenovirus, herpesvirus and pox viruses 
[62]. For example, interferon (IFN) stimulates expres- 
sion of MHC class I and II as well as LMP2 and --7, 
which are part of the 20S proteasome degradation 
machinery used for the display of antigens to the cell 
surface [63-65]. Therefore, . the inhibition of IFN sig- 
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naling by the HPV oncoproteins (see below) may be 
one of the mechanisms utilized by the virus to evade 
immune surveillance. 

7. The efficacy of IFN treatment in HPV infection and 
associated disease 

IFNs are a family of biological response modifiers 
that exhibit antiviral, antiproliferative and ' im- 
munomodulating functions [66]. They consist of two 
different subtypes: type I IFNs (i.e. IFN-a/P) that are 
produced in virally infected cells, and type II IFN (i.e. 
IFN-y) that is not virus inducible and is restricted to 
mitogen or cytokine-activated lymphoid cells such as T 
lymphocytes and natural killer (NK) cells [66]. In addi- 
tion to the establishment of an antiviral state in unin- 
fected cells, the elimination of virally infected cells is 
also critical in the host defense. In this context, type I 
IFNs exhibit a selective induction of apoptosis in virally 
infected cells and play a bifunctional role in limiting the 
spread of virus and eliciting an antiviral state in unin- 
fected cells while promoting apoptosis in infected cells 
[67]. 

The treatment of HPV-infection and associated dis- 
ease with IFNs has been under clinical experimentation. 
Theoretically, IFN treatment should result in the clear- 
ance of visible HPV lesions and elimination of the 
viruSj even in cases of latent infections. However, de- 
spite the satisfactory results in some of the clinical 
studies, IFN treatment is still far from widespread 
therapy against HPV infection [68]. Studies on the 
effectiveness of IFN therapy in patients with CINs and 
cervical carcinomas have produced very inconsistent 
results and the conclusion regarding their efficacy has 
been controversial [69]. A compilation of data from 
various studies in vivo indicates that IFN-P is more 
effective than IFN-oc and generally type II IFN (i.e. 
IFN-y) more effective than type I (Table 1). 

The molecular basis for this discrepancy in the effi- 
cacy of IFN treatment has not been determined, but it 
has been observed that expression of viral oncogenes, 
particularly E7, is significantly higher in the no respon- 
ded than in responders [70]. Downregulation of HPV 
viral replication [70] and viral gene expression could be 
the reason for the positive clinical outcomes observed 
with IFNs [71-73]. However, studies with various cer- 
vical cancer cell lines in vitro showed that IFNs are 
unable to suppress HPV expression universally [69]. 
Thus, the efficacy of IFNs may be dependent upon the 
levels of expression of the HPV oncogenes, the distinct 
functions of the viral proteins in regulating IFN pro- 
duction and signaling, the complex interactions between 
the viral oncoproteins and cellular factors that affect 
both viral and host gene expression and function, and/ 
or mutations unique to the infected cells that disrupt 



intracellular surveillance and regulatory mechanisms 
upon HPV infection [69]. 

8. IFN signaling and the Jak-Stat activation pathway 

The mechanisms by which IFN transmit signals to 
the cell interior have been extensively studied in the 
recent years [74]. Type I IFNs (i.e. IFN-a/P) transduce 
their signals through the sequential activation of recep- 
tor associated Janus tyrosine kinases Jakl and Tyk2 
leading in tyrosine phosphorylation and activation of 
the signal transducers and activators of transcription 
Statl and Stat2 [74]. Activated Statl/Stat2 heterpdimers 
then translocate to the nucleus, where they associate 
with a 48 kDa DNA-binding protein [known as IFN 
stimulatory gene factor ISGF-3y or IFN regulatory 
factor IRF-9 [75]] to form an active complex (known as 
ISGF-3) on the interferon response element (ISRE) [74] 
(Fig. 2). This element is known to mediate the induc- 
tion of a number of functionally important IFN-stimu- 
lated genes (ISGs) including the translation initiation 
eIF-2a kinase PKR, 2'-5' oligoA synthase, Mx. ISG-15 
[74]. ; 

Type II IFN (i.e.IFN-y) transduces its signals 
through the sequential activation of receptor associated 
Jakl/Jak2 and then Statl. Activated Statl homodimers 
translocate to the nucleus and directly bind to members 
of the GAS (IFN-y activated sequence) family of en- 
hancers (Fig. 2). This element is known to mediate the 
induction of a distinct family of genes including IRF-1, 
IFP-53. For both types of IFN. Statl activation is 
mediated by a single phosphorylation site on tyrosine 
701 [76]. In addition, phosphorylation of Statl on 
serine 727 is also required, for maximal transcriptional 
activation [76]. Consistent with these observations, 
Statl null mice exhibit profound defects in IFN signal- 
ing, rendering them highly susceptible to infection with 
viruses and other pathogens [77,78]. 

9. Molecular actions of E6 and E7 in signaling induced 
by virus infection and IFNs 

Several studies in vitro have demonstrated the ability 
of HPV oncoproteins to control signaling pathways 
that lead to the expression of IFNs and IFN-inducible 
genes. For example, it has been reported that HPV- 16 
E6 binds to the carboxyl-terminal domain of transcrip- 
tion factor IRF-3 and inactivates its transactivating 
function [79] (Fig: 3). IRF-3 is a member of the inter- 
feron regulatory factor (IRF) family whose members 
play a critical role in the regulation of the IFN a and P 
genes [80]. IRF-3 was originally characterized as a 
transcriptional factor that binds to ISRE. IRF-3 is part 
of a virus activated transcription factor complex includ- 
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Fig. 2. A schematic model of activation of the Jak-Stat pathway by IFN: Binding of IFNs to their receptors results in the activation of the 
cytoplasmic tyrosine kinases of the Janus kinase (Jak) family, Jakl and Tyk2 for IFN-oc/p, and Jakl and Jak2 for IFN-7. Activated Jaks become 
autophosphorylated and subsequently phosphorylate the receptor on specific tyrosine residues, which function as docking sites for the src 
homology 2 (SH2) domain of Statl and Stat2. Tyrosine phosphorylation by . Jaks results in heterodimerization of Statl and Stat2 or 
homodimerization of Statl and their nuclear translocation upon IFN-a/p or IFN-y treatment, respectively. Statl /Stat2 heterodimers bind to ISRE 
DNA sequence in the presence of a 48 kDa protein known as ISGF-3y or IRF-9 to form the ISGF3 complex whereas Statl homodimers bind 
to GAS directly. 



ing IRF-7, p300 and pCBP, whose activity is induced in 
response to viral infection [81]. Expression of HPV-16 E6 
in human keratinocytes was able to diminish the induc- 
tion of IFN-P gene expression by Sendai virus and 
consequently the expression of IFN-inducible genes [79]. 
Interestingly, inhibition of IRF-3-mediated transactiva- 
tion was not observed with the.benign HPV-6 E6 whereas 
the malignant HPV-18 E6 exhibited a modest binding to 
IRF-3 [79]. These finding indicated that inactivation of 
IRF-3 by E6 is probably specific for the HPV-16 type. 



Although IRF-3 is subjected to proteasome dependent 
proteolysis after virus infection this property is not 
modulated by E6 [79]. Considering the complex regula- 
tory transcription pathways implicated in IFN-P gene 
transcription it is reasonable to speculate that E6 may 
interfere with other transcriptions factors involved in this 
process. Inasmuch as IRF-3 transactivation requires its 
interaction with CBP/p300 [81], inactivation of these 
co-activators by E6 [32,33] may also play a role in the 
inhibition of IFN-P gene transcription. 
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Another mechanism by which HPV infection impairs 
the antiviral and antiproliferative actions of IFN-a was 
reported by our group and involves the interaction of E6 
with the tyrosine kinase Tyk2 [82]. We showed that 
expression of the high-risk HPV-18 E6 in human 
fibrosarcoma epithelial-like HT1080 cells results in inhi- 
bition of Jak-Stat activation in response to IFN-a. This 
inhibitory effect, however, was riot shared by the low-risk 
HPV-11 E6. The DNA binding aind transactivation 
capacities of ISGF3 were impaired by HPV-18 E6 
expression after stimulation with IFN-a. This coincided 
with an impaired tyrosine phosphorylation of Tyk2, 
Stat2 and Statl. In contrast to IFN-a, tyrosine phospho- 
rylation and DNA binding of Stat l were not affected by 
HPV-18 E6 in response to IFN-y indicating that the 
inhibitory effect of HPV-18 E6 on Jak-Stat activation 
is specific for IFN-a. These findings provided evidence 
for a role of HPV-18 E6 oncoprotein as a negative 
regulator of the Jak-Stat pathway [82]. 

Further analysis of the molecular mechanisms that 
mediate the inhibition of Tyk2 activation by HPV-18 E6 
led to the identification and partial characterization of 
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Fig. 3. Model of inhibition of IRF-3-mediated transactivation by 
16-E6: IRF-3 exists in a latent state in the cytoplasm of infected cells. 
Virus infection leads to phosphorylation at a serine/threonine cluster 
within the C-terminus of the protein causing a conformational change 
in IRF-3 and leading to its nuclear translocation. Transcriptional 
activation of IFN-p promoter requires binding of IRF-3 to DNA and 
CBP as well as the presence of other transcriptional factors (not 
shown) that form the IFN-p promoter enhanceosome. The interac- 
tion of 16-E6 with IRF-3 [79] and CBP [32,33] may diminish the 
transactivation activities of the IRF-3/CBP complex thus decreasing 
IFN-p expression. 



an interaction between E6 and Tyk2 [82]. Specifically, 
this interaction takes place preferably with both HPV- 1 8 
E6 and HPV- 16 E6 and to a lesser extent with HPV-1 1 
E6. Mapping of the interaction between the two proteins 
revealed that the JH 6 -JH 7 domains of Tyk2, which are 
important for Tyk2 binding to the cytoplasmic portion 
of IFN-a receptor 1 chain (IFNAR1) [83,84], are also 
required for binding to E6 [82]. The JH 6 domain of Tyk2 
contains a stretch of amino acids E-S-L-G very similar 
to the E-L-L/V-G sequence, which was described as 
an E6 interaction sequence [85]. Experiments are cur- 
rently under way to determine the role of the E-S-L-G 
sequence in mediating Tyk2 binding to E6 and examine 
the function of E6-binding Tyk2 mutants in IFN-a-me- 
diated activation of the Jak-Stat pathway. These find- 
ings allowed us to propose , a model whereby the 
interaction of E6 with Tyk2 prevents the binding of Tyk2 
to the cytoplasmic domain of IFNAR1 and the subse- 
quent Tyk2 activation upon IFN-a stimulation (Fig. 4). 
Currently, the question rises as to whether Tyk2 inacti- 
vation is mediated by the ability of E6 to target proteins 
to proteasome dependent proteolysis. Although E6 does 
not affect the protein levels of Tyk2 in vitro (unpublished 
observations), specific degradation of phosphorylated 
(i.e. activated) form of Tyk2 in vivo fs-a possibility that 
is being examined. 

The inactivation of Tyk2 by E6 is not the only 
mechanism utilized by the high-risk HPVs to block the 
Jak-Stat pathway. Interestingly, expression of HPV-16 
E7 in the HPV-negative human epithelial cell line HaCaT 
was shown to inhibit the induction of IFN-a-inducible 
genes but had no effect on IFN-y-inducible genes [86]; 
This inhibition correlated with the loss of the ISGF3 
transcription complex as a result of inhibition of nuclear 
translocation of the IRF-9 (i^. p48) component. This 
impaired nuclear translocation is most likely mediated by 
a direct interaction between E7 and IRF-9 (Fig 5). 
Binding to IRF-9 requires the amino acids 17-37 of E7, 
a domain that includes the binding site to the Rb protein! 
Based on these data Barnard and McMillan [86] pro- 
posed that the ratio of E7 to IRF-9 may play a role in 
determining an effective response to IFN-a. That is, a 
patient with higher levels of IRF-9, or lower levels of E7, 
may be more likely to respond to IFN-a treatment: This 
notion is consistent with other observations that activa- 
tion of ISGF3 is diminished in a number of HPV-pbsitive 
cell lines [87]. Also, patients that do not respond to IFN-a 
treatment for HPV-positive condylomas have higher 
levels of E7 mRNA than those who are able to respond 
[70]. It would be of interest, however, to examine whether 
low-risk E7 also binds to IRF-9 with the same affinity 
as the high-risk protein, and whether the E7/IRF-9 
interaction sufficiently accounts for the loss of ISGF3 
formation in response to IFN-a. 

The ability of E7 to interfere with I FN signaling was 
further demonstrated by its ability to bind to and 
inactivate the transcription factor IRF-1 [88,89]. IRF-1 
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Fig. 4. Model of inhibition of Jak-Stat signaling by 18-E6: Binding of IFN-a to the receptor (A) leads to a cascade of tyrosine phosphorylation 
of Jakl, Tyk2, Stat2 and Stal molecules and (B) as explained in Fig. 2. The interaction of HPV-18 E6 with the JH 6 -JH 7 domains of Tyk2 [S2] 
may interfere with the association of Tyk2 with the cytoplasmic portion of the IFNARl thus preventing Tyk2 activation and phosphorylation of 
Stats. 
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was originally identified as an IFN-P promoter binding 
transcription factor and characterized as a critical medi- 
ator of IFN signaling induced by virus infection or IFN 
treatment [90]. Interestingly, IRF-I overexpression in- 
hibits cell growth and the introduction of activated 
c-Ha-ras oncogene alone is sufficient to transform em- 
bryo fibroblasts from IRF-l knock out mice [90]. These 
data suggested that IRF-l is a tumor suppressor gene 
product associated with the anti-proliferative effects of 
IFNs. Both HPV-16 and HPV-ll E7 proteins impair 
the transactiyation activity of IRF-l and this effect is 
mediated by a direct interaction between E7 and IRF-l 
[88]. Binding of E7 to IRF-I requires the Rb-binding 
portion of E7 and the carboxyl-terminal transactivation 
domain of IRF-l [88]. The inhibition of IRF-l -depen- 
dent transactivation is most likely mediated by the 
recruitment of histone deacetylase (HDAC) by E7 to 
the IFN-p promoter (Fig. 6) [88]. The functional inacti- 
vation of IRF-I by high and low risk E7 proteins could 
play an important role in the inhibition of IFN-p gene 
expression during viral infection. Inasmuch as both 
IRF-l and p53 are required for the transcriptional 
activation of the cdk inhibitor p2l [91], their inactiva- 
tion in HPV infected cells may represent major mecha- 
nisms that contribute into tumor formation and 
cervical carcinogenesis. 

It is possible that HPVs has developed distinct mech- 
anisms to block IFN action and the establishment of an 
antiviral state during early- or late-phase of infection. 
The results obtained in transformed cell lines with 
stable expression of E6 and/or E7 likely reflect condi- 
tions with prolonged or chronic viral infection and may 



not be accurate models of initial HPV infection. This 
notion has been supported by a recent study describing 
the global changes in gene expression in human kerati- 
nocytes latently infected with the high-risk HPV 31 
using microarray analysis [92]. In this study, genes 
whose expression was repressed 2 fold or more by HPV 
proteins were listed into three groups. The first group 
consisted of regulators of cell growth such as p21, Mad, 
transgelin; the second group contained keratinoc\ te- 
specific genes including Sprll, a small proline-rich 
protein found in UV-irradiated keratinocytes, and de- 
ferisin; the third group consisted of IFN -inducible genes 
including Statl and 2 / -5 / oligoA synthase [92]; Since 
Statl plays a crucial role in IFN-inducible gene tran- 
scription, the low basal level of its expression in HPV31 
cells may account for the low level of various; IFN-in- 
ducible genes and contribute to the impaired response 
to IFN signaling in HPV31 infected cells [92]. It would 
be important, however, to know which of the HPV-31 
gene products are responsible for the transcriptional 
repression of Statl, the mechanism of action, and 
whether Statl transcriptional repression is observed 
with low-risk HPVs: 



10. Concluding remarks 

HPVs have developed effective strategies to evade 
immune surveillance by downregulating both the pro- 
duction and action of IFNs. At the clinical level the 
disease frequently recurs when IFN therapy is discon- 
tinued, and the effect of IFNs is restricted to an anti- 
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proliferative rather than to an anti-viral or immunos- 
timulatory action. Despite this unfavorable outcome, 
studies on the regulation of IFN pathways by HPV 
infection at the molecular level have provided and will 
continue to provide important insights into complex 
interactions between the viral oncoproteins and host 
factors that control innate immunity. The resulting 
knowledge will be useful in the design of novel strate- 
gies that combat HPV infection and associated disease. 
For example, a better understanding of the molecular 
mechanisms of inhibition of IRF-1, IRF-9 or Tyk2 by 
the HPV oncoproteins may lead to the development of 
therapies based on peptides that block the viral-host 
protein interactions and restore IFN signaling through 
endogenous control mechanisms. Another possibility is 
the development of anticancer therapies based on the 
ability of HPV infected cells to subvert IFN treatment. 
Significantly, the use of viruses with mild or arymp- 
tomatic infections in humans as antitumor agents is 



now under clinical experimentation [93-97]. Interest- 
ingly, it has been recently demonstrated that infection 
of various cancer cells with vesicular stomatitis virus 
leads to a selective killing of cells with a defective 
response to IFNs [98]. This may represent a new strat- 
egy for the treatment of IFN-non-responsive tumors. 
Whether this is a suitable treatment of HPV-associated 
tumorigenesis is an intriguing possibility that remains 
to be examined. 



Acknowledgements 

Work on HPV infection and regulation of IFN sig- 
naling is supported by a grant from the Cancer Re- 
search Society (CRS) Inc. of Canada to A.E.K. and 
from the National Cancer Institute of Canada to G.M. 
A.E.K. and S.L. are members of the Terry Fox Molec- 
ular Oncology Group. S.L. is a recipient of a CRS 



IFNAR2 




Cytoplasm 



iStatf 



stati 



ISGF3 




HPVE7 



Nucleus 



ISRE 



Fig. 5. Inhibition of IFNra-induced ISGF3-dependent transcription by.I6-E7: Transcriptional activation by IFN-oc requires the formation of the 
ISGF3 complex, which consists of Statl/Stat2 hetrodimers and IRF-9 (i.e. p48). HPV-I6 E7 has been shown to bind to IRF-9 and. inhibit its 
nuclear translation thus diminishing the DNA-binding and transactivation activities of ISGF3 [86], 



A.E. Koromilas et al /Cytokine & Growth Factor Reviews 12 (2001) 157-170 



167 




ISRE 



Fig. 6. Schematic model of IRF-1 inactivation by E7: Binding of 
IRF-1 to ISRE in the promoter of IFN-p and other IFN-inducib!e 
genes leads to transcriptional activation. HPV-E7 interacts with both 
IRFrl and HDAC on the IFN-p gene promoter. Since HDAC 
mediates histone deacytelation of chromatin, such interactions were 
proposed to be responsible for the transcriptional repression of IRF^I 
[88]. 

post-doctoral award whereas both A.E.K. and G.M. 
are recipients of senior scientist awards from the Cana- 
dian Institutes of Health Research (CIHR). 

References 

[1] zur Hausen R Papillomavirus infections - a major cause of 
human cancers. Biochim Biophys Acta 1996;1288:F55-78. 

[2] Villa LL. Human papillomaviruses and cervical cancer. Adv 
Cancer Res 1997;71:321-41. 

[3] SchifTman MR Brinton LA. The epidemiology of cervical 
carcinogenesis. Cancer 1995;76:1888-901. 

[4] SchifTman MR Bauer HM, Hoover RN, Glass AG, Cadell 
DM, Rush BB. et al. Epidemiologic evidence showing that 
human papillomavirus infection causes most cervical intraep- 
ithelial neoplasia. J Natl Cancer Inst 1993;85:958-64. 

[5] Sherman ME. Kurman RJ, Intraepithelial carcinoma of the 
cervix: reflections on half a century of progress. Cancer 
1998;83:2243-6. 

[6] SchifTman MR Recent progress in defining the epidemiology of 
human papillomavirus infection and cervical neoplasia. J Natl 
Cancer Inst 1992;84:394-8. 

[7] Park JS, Hwang ES, Park SN, Ahn HK, Urn SJ, Kim CJ, et al. 
Physical status and expression of HPV genes in cervical cancers. 
Gynecol Oncol . 1997;65:121-9. 

[8] zur Hausen H. Immortalization of human cells and their malig- 
nant conversion by high risk human papillomavirus genotypes. 
. Semih Cancer Biol 1999;9:405-11. 

[9] Mantovani F ? Banks L. The interaction between p53 and 
papillomaviruses. Semin Cancer Biol 1999;9:387-95. 
[10] zur Hausen H. Papillomaviruses causing cancer: evasion from 
host-cell control in early events in carcinogenesis. J Natl Cancer 
Inst 2000;92:690-8. 
[11] Francis, DA, Schmid SI, Howley PM. Repression of the inte- 
grated papillomavirus E6/E7 promoter is required for growth 
suppression of cervical cancer cells. J Virol 2000;74:2679-86. 
[12] Butz K, Denk C, Ullmann A, SchefTner M, Hoppe-Seyler F. 
Induction of apoptosis in human papillomavirus positive cancer 
cells by peptide aptamers targeting the viral E6 oncoprotein. 
Proc Natl, Acad Sci USA 2000;97:6693-7. 



[13] Hietanen S, Lain S, Krausz E, Blattner C, Lane DP. Activation 
of p53 in cervical carcinoma cells by small molecules. Proc Natl 
Acad Sci USA 2000;97:8501-6. 

[14] Thomas JT, Hubert WG, Ruesch MN; Laimins LA. Human 
papillomavirus type 31 oncoproteins E6 and E7 are required for 
the maintenance of episomes during the viral life cycle in 
normal human keratinocytes. Proc Natl Acad Sci USA 
1999;96:8449-54. 

[15] Chen JJ, Reid CE, Band V, Androphy EJ. Interaction of 
papillomavirus E6 oncoproteins with a putative calcium-bind- 
ing protein. Science 1995;269:529-31. 

[16] Sherman L, Schlegel R. Serum- and calcium-induced differenti- 
ation of human keratinocytes is inhibited by the E6 oncoprotein 
of human papillomavirus type 16. J Virol 1996;70:3269-79. 

[17] Werness B A, Levine AJ, Howley PM. Association of human 
papillomavirus types 16 and 18 E6 proteins with p53. Science 
1990;248:76-9. 

[18] SchefTner M, Huibregtse JM, Vierstra RD, Howley PM. The 
HPV- 16 E6 and E6-AP complex functions as a ubiquitin- 
protein ligase in the ubiquitination of p53. Cell 1993;75:495- 
505. 

[19] SchefTner M, Munger K, Byrne JC, Howley PM. The state of 
the p53 and retinoblastoma genes in human cervical carcinoma 
cell lines. Proc Natl Acad Sci USA 1991;88:5523-7. 

[20] Crook T, Wrede D, Vousden KH. p53 point mutation in HPV 
negative human cervical carcinoma cell lines. Oncogene 
1991;6:873-5. 

[21] Hollstein M, Sidransky D, Vogelstein B, Harris CC. p53 muta- 
tions in human cancers. Science 1991;253:49-53. 

[22] Dulic V, Kaufmann WK, Wilson SJ, Tlsty TD, Lees E; Harper 
JW, et al. p53-dependent inhibition of cyclin-dependent kinase 
activities in human fibroblasts during radiation-induced Gl 
arrest. Cell 1994;76:1013-23. 

[23] Kessis TD, Slebos RJ, Nelson WG, Kastan MB, Plunkett BS, 
Han SM, et al. Human papillomavirus 16 E6 expression dis- 
rupts the p53-mediated cellular response to DNA damage. Proc 
Natl Acad Sci USA 1993;90:3988-92. 

[24] Pah H, Griep AE. Temporally distinct patterns of p53-depen- 
dent and p53-independent apoptosis during mouse lens devel- 
opment. Genes Dev 1995;9:2157-69. 

[25] Thomas M, Matlashewski G, Pirn D, Banks L. Induction of 
apoptosis by p53 is independent of its oligbmeric state and can 
be abolished by HPV- 1 8 E6 through ubiquitin mediated degra- 
dation. Oncogene 1996;13:265-73. 

[26] Huibregtse J M, SchefTner M, Howley PM. Cloning and expres- 
sion oT the cDNA Tor E6-AP, a protein that mediates the 
interaction of the human papillomavirus E6 oncoprotein with 
p53. Mol Cell Biol 1993;13:775-84. 

[27] Levine AJ. p53, the cellular gatekeeper Tor growth and division. 
Cell 1997;88:323-31. 

[28] Ashcroft M; Vousden KH. Regulation of p53 stability. Onco- 
gene 1999;18:7637-43. 

[29] Kiingelhutz AJ, Foster SA, McDougall JK. Telomerase activa- 
tion by the E6 gene product of human papillomavirus type 16. 
Nature 1996;380:79-82. 

[30] Gross-Mesilaty S, Reinstein E, Bercovich B, Tobias KE, 
Schwartz AL, Kahana C, et al. Basal and human papillo- 
mavirus E6 oncoprotein-induced degradation of Myc proteins 
by the ubiquitin pathway. Proc Natl Acad Sci USA 
1998;95:8058-63. 

[31] Thomas M, Banks L. Inhibition of Bak-induced apoptosis by 

HPV- 1 8 E6. Oncogene 1998;17:2943-54. 
[32] Patel D, Huang SM, Baglia LA, McCance DJ. The E6 protein 

of human papillomavirus type 16 binds to and inhibits coracti- 

vatioh by CBP and p300. EMBO J 1999;18:5061-72. 
[33] Zimmermann H, Degenkolbe R, Bernard HU, O'Connor MJ. 

The human papillomavirus type 16 E6 oncoprotein can down- 



168 



AS. Koromilas et al. / Cytokine & Growth Factor Reviews 12 (2001) 157-170 



regulate p53 activity by targeting the transcriptional coactivator 
CBP/p300. J Virol 1999;73:6209-19. ^ 

[34] Gardiol D, Kuhne C, Glaunsinger B; Lte SS, Javier R, Banks 
L. Oncogenic human papillomavirus E6 proteins ' target the 
discs large tumour suppressor for proteasome-mediated degra- 
dation. Oncogene 1999;18:5487-96. 

[35] Goode S, Perrimon N. Inhibition of patterned cell shape 
change and cell invasion by Discs large during Drosophila 
oogenesis. Genes Dev 1997;11:2532-44. 

[36] Crook T, Morgenstern JP, Crawford L, Banks L. Continued 
expression of HPV-I6 E7 protein is required for maintenance, of 
the transformed phenotype of cells co-transformed by HPV-16 
plus EJ-ras. EM BO J 1989;8:513-9. 

[37] Alvarez-Salas LM, Cullinan AE, Siwkowski A, Hampel A, 
DiPaolo JA. Inhibition of HPV-16 E6/E7 immortalization of 
normal keratinocytes by hairpin rrbozymes. Proc Natl Acad Sci 
USA 1998;95:1189-,94. 

[38] Barbosa MS. Lowy DR, Schiller JT. Papillomavirus polypep- 
tides E6 and E7 are zinc-binding proteins. J Virol 
1989;63:1404-7. 

[39] Mclntyre MC, Frattini MG, Grossman SR, Laimins LA. Hu- 
man papillomavirus type 18 E7 protein requires intact Cys-X- 
X-Cys motifs for zinc binding, dimerization, and 
transformation but not for Rb binding. J Virol 1993 '67* 3 142- 
50. 

[40] Barbosa MS, Edmonds C, Fisher C, Schiller JT, Lowy DR, 
Vousden K.H. The region of the HPV E7 oncoprotein ho- 
mologous to adenovirus Ela and Sv40 large T antigen contains 
separate domains for Rb binding and casein kinase II phospho- 
rylation. EMBO J 1990;9:153-60. 
[41] Smotkin D, Wettstein FO. Transcription of human papillo- 
mavirus type 16 early genes in a cervical cancer and a cancer- 
derived cell line and identification of the E7 protein. Proc Natl 
Acad Sci USA 1986;83:4680-4. .. 
[42] Zatsepina O, Braspenning J, Robberson D, Hajibagheri MA, 
Blight KJ, Ely S, et al. The human papillomavirus type 16 E7 
protein is associated with the nucleolus in mammalian and 
yeast cells. Oncogene 1997;14:1137-45. 
[43] Greenfield I, Nickerson J, Penman S, Stanley M. Human 
papillomavirus 16 E7 protein is associated with the nuclear 
matrix. Proc Natl Acad Sci USA 1991;88:11217-21. 
[44] Dyson N, Howley PM,. Munger K, Harlow E. The human 
papilloma virus- 16 E7 oncoprotein is able to bind to the 
retinoblastoma gene product. Science 1989;243:934-7. 
[45] Dyson N, Guida P, Munger K, Harlow E. Homologous se- 
quences in adenovirus El A and human papillomavirus E7 
proteins mediate interaction with the same set of cellular 
proteins. J Virol 1992;66:6893-902. 
[46] Mclntyre. MC, Ruesch MN, Laimins LA. Human papillo- 
mavirus E7 oncoproteins bind a single form of cyclin E in a 
complex with cdk2 and pl07. Virology 1996;215:73-82. 
[47] Davies R, Hicks R, Crook T, Morris J, Vousden K. Human 
papillomavirus type 16 E7 associates with a histone HI kinase 
and with p!07 through sequences necessary for transformation. 
J Virol 1993;67:2521-8. 
[48] Antinore MJ, Birrer MJ, Pate! D, Nader L, McCance DJ. The : 
human papillomavirus type 16 E7 gene product interacts with 
and trans-activates the API family of transcription factors 
EMBO J 1 996; 15:1 950—60. 
[49] Morris JD, Crook T,/bandara^LR, Davies R, LaThangue NB, 
Vousden KH. Human papillomavirus type 16 E7 regulates E2F 
and contributes to mitogenic signalling. Oncogene 1993*8*893- 
8. 

[50] Cheng S, Schmidt-Grimminger DC, Murant T, Broker TR, 
. Chow LT. Differentiation-dependent up-regulation of the hu- 
man papillomavirus E7 gene reactivates cellular DNA replica- 
tion in supra basal differentiated keratinocytes. Genes Dev 
1995;9:2335-49. ! 



[51] Blanton RA, Coltrera MD, Gown AM, Halbert CL, McDou- 
gall JK. Expression of the HPV 1 6 E7 gene generates prolifera- 
tion in stratified squamous cell cultures which is independent of 
endogenous p53 levels. Cell Growth Differ 1992;3:791-802. 

[52] Adams PD, Kaelin WG Jr. Transcriptional control by E2F 
Semin Cancer Biol 1995;6:99-108. 

[53] Johnson DG, Schwarz JK, Cress WD, Nevins JR. Expression, 
of transcription factor E2F1 induces, quiescent cells to enter S 
phase. Nature 1993;365:349-52. 

[54] Jones DL, Thompson DA, Munger K. Destabilization of the 
RB tumor suppressor protein and stabilization of p53 con- 
tribute to HPV type 16 E7-induced apoptosis. Virology 
1997;239:97-107. 

[55] Jones DL, Munger K. Analysis of the p53-mediated Gl growth 
arrest pathway in cells expressing the human papillomavirus 
type 16 E7 oncoprotein. J Virol 1997;71:2905-12. 

[56] Lee JO, Russo AA, Pavletich NP. Structure of the retinoblas 
toma tumour-suppressor pocket domain bound to a peptide 
from HPV E7. Nature 1998;391:859-65. 

[57] Jones DL, Alani RM, Munger K. The human papillomavirus 
E7 oncoprotein can uncouple cellular differentiation and proiif- 
eration in human keratinocytes by abrogating p21Cipl -medi- 
ated inhibition of cdk2. Genes Dev 1997;11:2101-11. 

[58] Funk JO, Waga S, Harry JB, Espling E, Stillman B, Gailoway 
DA. Inhibition of CDK activity and PCNA-dependent DNA 
replication by p21 is blocked by interaction with the HPV-16 
E7 oncoprotein. Genes Dev 1997;11:2090-100. 

[59] Zerfass-Thome K, Zwerschke W, Mannhardt B, Tindle R, Botz 
JW, Jansen-Durr P. Inactivation of the cdk inhibitor p27K!Pl 
by the human papillomavirus type 16 E7 oncoprotein. Onco- 
gene 1996;13:2323-30. 

[60] Tindle RW, Frazer IH. Immune response to human papillo- 
maviruses and the prospects for human papilloma virus-specific 
immunisation. Curr Top Microbiol Immunol 1994;186:217-53. 

[61] Schiller JT, Okun MM. Papillomavirus vaccines: current status 
and future prospects. Adv Dermatol 1996;11:355-80. 

[62] McFadden G. Kane K. How DNA viruses perturb functional 
MHC expression to alter immune recognition. Adv Cancer Res 
1994;63:117-209. 

[63] York I A, Goldberg AL, Mo XY, Rock KL. Proteolysis and 

class I major histocompatibility^complex antigen presentation. 

Immunol Rev 1999;172:49-66. 
[64] Ting JP, Zhu XS. Class II MHC genes: a model gene regulatory 

system with great biologic consequences. Microbes Infect 

1999;1:855-61. 

[65] Tanaka K, Kasahara M. The MHC class I iigand-generating 
system: roles of immunoproteasomes and the interferon- 
gamma-inducible proteasome activator PA28. Immunol Rev 
1998;163:161-76. 

[66] Vilcek J, Sen GC. Interferons and other cytokines. In: Fields 
BN, Knipe DM, Howley PM, editors. Fields Virology. 
Philadelphia: Lippincott-Raven, 1996:375-99. 

[67] Tanaka N, Sato M, Lamphier MS, Nozawa H, Oda E; Ndguchi 
S, et al. Type I interferons are essential mediators of apoptotic 

. death in virally infected cells. Genes Cells 1998;3:29-37.. 

[68] Frazer IH, McMillan NAJ. Papillomatosis and condylomata 
acuminata. In: Stuart-Harris R, Penny RD, editors. Clinical 
applications of the interferons^ London: Chapman and' Hall, 
1997:79-90. 

[69] Kim KY, Blatt L, Taylor MW. The effects of interferon on the 
expression of human papillomavirus oncogenes. J Gen Virol 
2000;81(Part 3):695-700. 

[70] Arany I, Nagamani K, Tyring SK. Interferon resistance is . 
independent from copy numbers in benign HPV-induced le- 
sions. Anticancer Res 1995;15:1003-6. 

[71] Nawa A, Nishiyama Y, Yamamoto N, Maenp K, Goto S, 
Tomoda Y. Selective suppression of human papilloma virus 



A.E. Koromilas et al/ Cytokine & Growth Factor Reviews 12 (2001) 1 57- 1 70 



169 



type 18 mRNA level in HeLa cells by interferon. Bipchem 
Biophys Res Commun 1990;170:793-9. 

f72] De Marco F, Marcante ML. HPV-16 E6-E7 differential tran- 
scription induced in Siha cervical cancer cell line by interferons. 
J Biol Regul Homeost Agents 1993;7:15-21. 

[73] Agarwal C, Hembree JR, Rorke EA, Eckert RL. Interferon and 
retinoic acid suppress the growth of human papillomavirus type 
16 immortalized cervical epithelial cells, but only interferon 
suppresses the level of the human papillomavirus transforming 
oncogenes. Cancer Res 1994;54:2108-12. 

[74] Stark GR, Kerr IM, Williams BR, Silverman RH, Schreiber 
RD. How cells respond to interferons. Annu Rev Biochem 
1998;67:227-64. 

[75] Bluyssen AR, Durbin JE, Levy DE. ISGF3 gamma p48, a 
specificity switch for interferon activated transcription factors. 
Cytokine Growth Factor Rev 1996;7:11-7. 

[76] Darnell JE Jr. STATs and gene regulation. Science 
1997;277:1630-5. 

[77] Durbin JE, Hackenmiller R, Simon MC, Levy DE. Targeted 
disruption of the mouse Statl gene results in compromised 
innate immunity to viral disease. Cell 1996;84:443-50. 

[78] Meraz MA, White JM, Sheehan KC, Bach EA, Rodig SJ, 
Dighe AS, et al. Targeted disruption of the Stall gene in mice 
reveals unexpected physiologic specificity in the JAK-STAT 
signaling pathway. Cell 1996;84:431-42. 

[79] Ronco LV, Karpova AY, Vidal M, Howley PM. Human 
papillomavirus 16 E6 oncoprotein binds to interferon regula- 
tory factor-3 and inhibits its transcriptional activity. Genes Dev 
1998;12:2061-72. 

[80] Nguyen H, Hiscott J, Pitha PM. The growing family of inter- 
feron regulatory factors. Cytokine Growth Factor Rev 
1997:8:293-312. 

[81] Hiscott J, Pitha P ? Genin P, Nguyen H, Heylbroeck C, Ma- 
mane Y, et al. Triggering the interferon response: the role of 
IRF-3 transcription factor. J Interferon Cytokine Res 
1999;19:1-13. 

[82] "Li'S, Labrecque S, Gauzzi MC, Cuddihy AR, Wong AH, 
Pellegrini S, et al. The human papilloma virus (HPV)-18 E6 
oncoprotein physically associates with Tyk2 and impairs Jak- 
STAT activation by interferon-alpha. Oncogene 1999; 18:5727- 
37. . 

[83] Colamonici O, Yan H, Domanski P, Handa R; Smalley D, 
Mullersman J, et al. Direct binding to and tyrosine phosphory- 
lation of the alpha subunit of the type I interferon receptor by 
P 135tyk2 tyrosine kinase. Mol Cell Biol 1994;14:8133-42. 

[84] Colamonici OR, Uyttendaele H, Domanski P, Yan H, 
Krolewski JJ. pl35tyk2, an interferon-alpha-activated tyrosine 
kinase, is physically associated with an interferon-alpha* recep- 
tor. J Biol Chem 1994;269:3518-22. 

[85] Elston RC, Napthine S, Doorbar J. The identification of a 
conserved binding motif within human papillomavirus type 16 
E6 binding peptides, E6AP and E6BP. J Gen Virol 
1998:79(Part 2):371-4. 

[86] Barnard P, McMillan NA. The human papillomavirus E7 onco- 
protein abrogates signaling mediated by interferon-alpha. Virol- 
ogy 1999;259:305-13. 

[87] Petricoin III E, David M, Fang H, Grimley P, Larner AC, 
Vande PS. Human cancer cell lines express a negative transcrip- 
tional regulator of the interferon regulatory factor family of 
DNA binding proteins. Mol Cell Biol 1994;14:1477-86. 

[88] Park JS, Kim EJ, Kwon HJ, Hwang ES, Namkoong SE, Urn 
SJ. Inactivation of interferon regulatory factor- 1 tumor sup- 
pressor protein by HPV E7 oncoprotein. Implication for the 
E7-medialed immune evasion, mechanism in cervical carcino- 
genesis. J Biol Chem 2000;275:6764-9. 

[89] Perea SE, Massimi P, Banks L. Human papillomavirus type 16 
. E7 impairs the activation of the interferon regulatory factor- Iv 
Int J Mol Med 2000;5:661-6. 



[90] Taniguchi T, Tanaka N, Taki S. Regulation of the interferon 
system, immune response and oncogenesis by the transcription 
factor interferon regulatory factor- 1. Eur Cytokine Netw 
1998;9:43-8. 

[91] Tanaka N, Ishihara M, Lamphier MS, Nozawa H, Matsuyama 
T, Mak TW, et al. Cooperation of the tumour suppressors 
IRF-1 and p53 in response to DNA damage. Nature 
1996;3182:816-8. 

[92] Chang YE, Laimins LA. Microarray analysis identifies inter- 
feron-inducible genes and Stat-1 as major transcriptional 
targets of human papillomavirus type 31. J Virol 2000;74:4174- 
82. * 

[93] Coffey MC, Strong JE, Forsyth PA, Lee PW. Reovirus therapy 
of tumors with activated Ras pathway. Science 1998;282:1332- 
4. .\ 

[94] Bischoff JR, Kirn DH, Williams A, Heise C, Horn S, Muna M, 
et al. An adenovirus mutant that replicates selectively in p53- 
deficient human tumor cells. Science 1996;274:373-6. 

[95] Heise C, Sampson-Johannes A, Williams A, McCormick F, 
Von Hoff DD, Kirn DH. ONYX-015, an E1B gene-attenuated 
adenovirus, causes tumor-specific cytolysis and antitumoral effi- 
cacy that can be augmented by standard chemotherapeutic 
agents. Nat Med 1997;3:639-45. 

[96] Lorence RM, Katubig BB, Reichard KW, Reyes HM. 
Phuangsab A, Sassetti MD, et al. Complete regression of 
human fibrosarcoma xenografts after local newcastle disease 
virus therapy. Cancer Res 1994;54:6017-21. 

[97] Chase M, Chung RY, Chiocca EA. An oncolytic viral mutant 
that delivers the CYP2B1 transgenej and augments cyclophos- 
phamide chemotherapy. Nat Biotechnol 1998;16:444-8. 

[98] Stojdl DF, Lichty B, Knowles S, Marius R. Atkins H, Sonen- 
berg N, et al. Exploiting tumor-specific defects in the interferon 
pathway with a previously unknown oncolytic virus. Nat Med 
2000;6:821-5. 

[99] Slotman BJ, Helmerhorst TJ, Wijermans PW, Calame JJ. Inter- 
feron-alpha in treatment of intraepithelial neoplasia of the 
lower genital tract: a case report. Eur J Obstet Gynecol Reprod 
Bio! 1988;27:327-33. 

[100] Stellato G. Intralesional recombinant alpha 2B interferon in the 
treatment of human pa pi Uomavirus-associ a ted cervical intraep- 
ithelial neoplasia. Sex Transm Dis 1992;19:124-6. 

[101] Wadler S, Burk RD, Neuberg D, Rameau R, Runowicz CD. 
Goldberg G, et al. Lack of efficacy of interferon-alpha therapy 
in recurrent, advanced . cervical cancer. J Interferon Cytokine 
Res 1995;15:1011-6. 

[102] Dunham AM, McCartney JC, McCance DJ, Taylor RW. Effect 
of periiesional injection of alpha-interferon on cervical intraep- 
ithelial neoplasia and associated . human papillomavirus infec- 
tion. J R Soc Med 1990;83:490-2. 

[103] Germano A, Stellato G, Lombardo G, de Simone A, Semenza 
G. Intralesional therapy using recombinant interferon alpha 2 B 
in lesions of the uterine cervix caused by human papilloma 
virus: Minerva Ginecol 1989;41:277-81. 

[104] Frost L, Skajaa K, Hvidman LE, Fay SJ, Larsen PM. No effect 
of intralesional injection of interferon on moderate cervical 
intraepithelial neoplasia. Br J Obstet Gynaecol 1990;97:626-30. 

[105] Fleshner PR, Freilich MI. Adjuvant interferon for anal condy- 
loma. A prospective, randomized trial. Dis Colon Rectum 
. 1994;37:1255-9. . .. 

[106] fsambaos D, Monastirli A, Kapranos N, Georgioii S, Pasmatzi 
E, Berger. H. Intralesional interferon alpha-2b therapy for 
Buschke-Loewenstein tumour. Acta Derm Venereol 
1994;74:457-9. 

[107] Umpierre SA, Kaufman RH, Adam E, Woods KV, Adler- 
Storthz K. Human papillomavirus DNA in tissue biopsy speci- 
mens of vulvar vestibulitis patients treated with . interferon. 
Obstet Gynecol 1991;78:693-5. 



170 



A.E. Koromilas et al / Cytokine & Growth Factor Reviews 12 (2001) 157-170 



[108] Albrecht G. Condylomata acuminata. Recent aspects of clinical 

signs, pathogenesis and therapy. Z Hautkr 1986;61:457-62 
[109] Syed TA, Ahmadpour OA. Human leukocyte derived inter- 
feron-alpha in a hydrophilic gel for the treatment of intravagi- 
nal warts in women: a placeboKxmtrolled, double-blind study 
Int J STD AIDS 1998;9:769-72. 
[1 10] Stentella P, Frega A, Di Renzi F, Palazzetti PL, Pachi A Topic 
and systems administration of natural alfa interferon in the 
treatment of female and male HPV genital infections. Clin Exp 
Obstet Gynecol 1996;23:29-36. 
[11 1] Klutke JJ, Bergman A. Interferon as an adjuvant treatment for 
f 995-49 m n -4 IOm aCUminatUm * Int J Gynaecol Cbstet 
[1 12] Syed TA, Cheema KM, Khayyami M, Ahmad SA, Ahmad SH 
Ahmad S, et al. Human leukocyte interferon-alpha versus 
podophyllotoxin in cream for the treatment of genital warts in 
males. A placebo-controlled, double-blind, comparative study 
Dermatology 1995;191:129-32. 
[113] Larsen J, Peters K, Petersen CS, Damkjaer K, Albrectsen J 
Weismann K. Interferon alpha-2b treatment of symptomatic 
chrome vulvodynia associated with koilocytosis. Acta Derm 
Venereol 1993;73:385-7. 
[114] Zarcone R, Cardone G, Voto RI, Tartaglia E, Cardone A 
Efficacy of natural alpha interferon from normal human leuko- 
cytes in symptomatic vestibular papillomatosis. Minerva 
Gmecol 1992;44:185-7. 
[115] Zarcone R, Bellini P, Cardone G, Cardone A. Treatment of 
cerv.x condylomata with alpha-IFN leucocytar. Clin Exo Ob- 
stet Gynecol 1995;22:326-9. 
[116] Nieminen P, Aho M, Lehtinen M, Vesterinen E Vaheri A 
Paavonen J. Treatment of genital HPV infection with carbon 
1994-2^65% and SyStCmiC intCrfer0n a, P ha " 2b - Sex Transm Dis 
[117] Zwiorek L, Schmidt-Rhode P, Goerke K, Schulz KD. Condylo- 
mata acuminata and associated infections - possibilities for 
therapy with interferon. Zentralbl Gynakol I992;l 14409-13 
181 Mancin ° P. Corosu R, Petracca R, Piccirillo C, Russo R Use 
of alpha interferon in microcondylomatosis of the female gen i- 
taha. Minerva Ginecol 1994;46:491-3 
[1 19] Yliskoski M, Syrjanen K, Syrjanen S," Saarikoski S, Nethersell 
A. Systemic alpha-interferon (Wellferon) treatment of genital 
human papillomavirus (HPV) type 6, 11, 16, and 18 infections" 
J 9 °^ Gynecol Oncol 

[120] Walther EK, Herberhold C. Treatment of laryngotracheal pa- 
pillomatosis with combined use of laser surgery and intrale- 
sional administration of alpha-interferon (Roferon) 
Laryngorhmootologie 1993;72:485-91 

[121] Ogura H, Watanabe S, Fukushima K, Baba Y, Masuda Y 
Fujiwara T, et al. Persistence of human papillomavirus type 6e' 
in adult multiple laryngeal papilloma and the counterpart false 

199^23 I3o"3 interfer0n " treated J CHn ° nCOi 

[122] Steinberg BM,; Gallagher T, Stoler M, Abramson AL Persis- 
tence and expression of human papillomavirus during ihtcr- 

.■■'ISli«™32" ArCh ° t0laryng01 Head - Neck 
[123] Rotola A, Costa S, Di Luca D, Stefanon B, Villani C 
Micheletti L, et al. Beta-interferon treatment of cervical in- 
iSSMilT"^ 2 mUUiCenter dinical triaL Jntcrvirology 
[124] Grio R, Porpiglia M, Piacentino R, Marchino GL^ Intramuscu- 
lar beta-mterferon in the treatment of cervical intraepithelial 
neoplasia (CIN) associated with human papilloma virus (HPV) 
infection. Minerva Ginecol 1994*46*579-82 
[125] De Aloysio D, Miliffi L, Iarinicelli T, Penacchioni P, Bottiglioni 
K Intramuscular interferon-beta treatment of cervical intraep- 



ithelial neoplasia II associated with human papillomavirus in- 
fection. Acta Obstet Gynecol Scand 1994;73:420-4. 

[126].Penna C, Fallahi MG, Gordigiani R, Sonhi L, Taddei GL 
Marchionni M. Intralesional beta-interferon treatment of cervi- 
cal intraepithelial neoplasia associated with human papillo- 
mavirus infection. Tumori 1994;80:146-50. 

[127] Micheletti L, Barbero M, Preti M, Zanotto Valentino MC 
Nicolaci P, Corbella L, et al. Intra-Iesion administration of 
beta-interferon in the treatment of CIN associated with HPV 
infection. Minerva Ginecol 1992;44:329-34 

[128] Pungetti D, Calderara MA, Vicini G, Selleri MC, Spadaro F 
Zanardi E. HPV infections in the lower genital tract in the 
female. Results of beta-interferon treatment. Minerva Ginecol 
1991;43:469-74. 

[129] Vitale G, Linciano M, Salamanca S, Ferrari P. HPV genital 
infections + CIN. The immunological patterns, loop electroab- 
lation and beta-interferon. Minerva Ginecol 1994;46:91-4 
[130] Sartor V, Spairani L, Gini A, Delpiano C. Intramuscular 
beta-interferon therapy of patients with genital HPV infection 
Minerva Ginecol 1993;45:321-5. 
[131] Bornstein J, Pascal B, Zarfati D, Goldshrnid N, Abramovici H. 
Recombinant human interferon-beta for condylomata acumi- 
nata: a randomized, double-blind, placebo-controlled study of 
intralesional therapy. Int J STD AIDS 1997;8:614-21. 
[132] Mojana G, Carinelli S, Borroni R r Buonaguidi A, Luzzu A, 
Milesi M. The diagnosis and therapy of HPV-associated genital 
lesions: the role of systemic beta-interferon treatment. Minerva 
Ginecol 1995;47:31-7. 
[133] Bernasconi F, Gritti P, Ersettigh G r Galli F, Arienti S. Beta-in- 
terferon treatment of HPV infections of the lower genital tract 
in women. Minerva Ginecol 1994;46:609-18. 
[134] Bornstein J, Pascal B, Abramovici H. Intramuscular beta-inter- 
feron treatment for severe vulvar vestibulitis. J Reprod Med 
1993;38:117-20. . . 
[135] Basso P, Verdi F. Beta interferon therapy of HPV infections of 

the female genital tract. Minerva Ginecol 1992;44:181-4. 
[136] Fallani MG, Penna Q Sonni L. Gordigiani R, Cioffi M, 
Cesario L, et al. Treatment of female genital condylomatosis 
with intramuscular beta interferon. Minerva Ginecol 
1991;43:595-9. 

[137] Fierlbeck G, Rassner G, Pfister H. Condylomata acuminata in 
children - detection of HPV 6/11 and 2. Local therapy with 
interferon-beta hydrogel. Hautarzt 1992:43:148-51. 

[138) Struzziero E, Corbo M. Beta interferon in clinical practice. 
Minerva Ginecol. 1994;46:487-9. 

[139] Cecchini S, Grazzini G, Iossa A, Taddei GL, Colafranceschi M ; 
Scuderj A. Subclinical vulvar papillomavirus infection. J Re- 
prod Med 1991;36:143-6. 

[140] Schneider A, Grubert T, Kirchmayr R r Wagner D, Papendick 
U, Schlunck G. Efficacy trial of topically administered inter- 
feron gamma- 1 beta gel in comparison to laser treatment in 
cervical intraepithelial neoplasia. Arch Gynecol Obstet 
1995;256:75-83. 

[141] Shimizu H, Yamasaki M, Ichimura H r Kurimura O. Antitumor 
effects of cisplatin, cyclophosphamide and interferon-gamma 
(gamma-IFN) against argyrophil small cell carcinoma "of the 
uterine cervix heterotransplanted into nude mice. Gan To Ka- 
gaku Ryoho 1989;16:3777-80. 

[142] Fierlbeck G, Rassner G. Condylomata acuminata gigantea with 
detection of HPV-6-DNA. A case report with adjuvant systemic 
IFN-gamma therapy. Hautarzt 1989;40:767-70. 

[143] Bonnekoh B, Mahrle G, Steigleder GK. Transition to cuta- 
neous squamous cell carcinoma in 2 patients with bowenoid 
papulomatosis. Z Hautkr 1987;62:773-4. 

[144] Kirby PK, Kiviat N, Beckman A, Wells D, Sherwin S, Corey L. 
Tolerance and efficacy of recombinant human interferon 
gamma in the treatment of refractory genital warts. Am J Med 
1988;85:183-8. 



Proc Natl. Acad. ScL USA 

Vol. 92, pp. 1654-1658, February 1995 

Medical Sciences 

Integration of human papillomavirus type 16 DNA into the human 
genome leads to increased stability of E6 and E7 mRNAs: 
Implications for cervical carcinogenesis 

Saewha Jeon and Paul F. Lambert* 

McArdle Laboratory for Cancer Research, University of Wisconsin Medical. School, 1400 University Avenue, Madison, WI 53706 
Communicated by James A Miller, University of Wisconsin, Madison, Wl, November 8, 1994 (received for review, October 3, 1994) 



ABSTRACT In many cervical cancers, human papilloma- 
virus type 16 (HPV-16) DNA genomes are found to be inte- 
grated into the host chromosome. In this study, we demon- 
strate that integration of HPV-16 DNA leads to increased 
steady-state levels of mRNAs encoding the viral oncogenes E6 
and £7. This increase is shown to result, at least in part, from 
an increased stability of E6 and £7 mRNAs that arise specif- 
ically from those integrated viral genomes disrupted in the 3' 
untranslated region of the viral early region. Further, we 
demonstrate that the A+U-rich element within this viral early 
3' untranslated region confers instability on a heterologous 
mRNA. We conclude that integration of HPV-16 DNA, as 
occurs in cervical cancers, can result in the increased expres- 
sion of the viral £6 and £7 oncogenes through altered mRNA 
stability. 



Human papillomaviruses (HPVs) are small DNA viruses that 
infect epithelial cells. About 70 different genotypes have been 
identified to date, among which only a subset are associated 
with cervical cancers. More than 90% of cervical cancers 
contain these "high-risk" HPVs (HPV-16, -18, -31, and -33). In 
these cancers, two viral transforming genes, E6 and E7, are 
consistently expressed (1). The E6 and E7 proteins have been 
shown to interact with and inactivate the tumor-suppressor 
gene products p53 and. pRb, respectively (34), and to immor- 
talize human epithelial and fibroblastic cells as well as rodent 
fibroblasts (2-4). In transgenic mouse systems, expression of 
these genes leads to tumor formation (5^8). These studies have 
demonstrated the likely importance of E6 and E7 in cervical 
carcinogenesis. 

The viral DNA genome of HPV-16 or -18 is often found 
integrated into the host chromosomes in cervical cancers 
(9-11); This viral DNA integration has been hypothesized to 
result in increased expression of E6 and E7 (12). To test this 
hypothesis, we have isolated a series of human cervical epi- 
thelial cell populations that harbor either extrachromosomal 
or integrated HPV-16 DNA (35). ITiese cell populations were 
derived from a parental cell population, W12, that had been 
established from an HPV-16-positive cervical biopsy (13). 
Using these reagents, we have demonstrated that HPV-16 
DNA integration correlates with increased expression of the 
viral E7 protein and with a selective growth advantage over 
cells harboring extrachromosomal HPV-16 DNA (35). 

In the current study, we have sought to define a mechanism 
by which integration leads to increased expression of papillo- 
maviral transforming genes. We demonstrate that the high 
levels of E7 protein seen in the integrated clones correlate with 
increased steady-state levels of E6- and E7-specific mRNAs, at 
least in part as a result of changes in their stability. This 
increased stability appears to be the result of the integrative 
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disruption of the viral 3' untranslated region (UTR) which we 
demonstrate contains an mRNA instability element. 

MATERIALS AND METHODS 

Southern and Northern Hybridization Analyses. Southern 
and Northern hybridizations were carried out by standard 
methods. For Southern analysis, a full-length HPV-16 DNA 
probe was used. For Northern analysis either an HPV-16 
E6/E7-specific probe, generated by PCR using primers com- 
plementary to HPV-16 nt 79-101 and nt 883-864, or an 
HPV-16 3' UJR-specific probe, generated by digestion of 
plasmid pHPV-16 with Stu I and Xcm I, which cleave HPV-16 
DNA at nt 3871 and nt 4466, respectively. 

SI Nuclease Mapping Analysis. The E6/E7-specific cDNA 
fragment, used as an SI probe, was generated by PCR ampli- 
fication of an HPV-16-speciflc cDNA with primers comple- 
mentary to HPV-16 nt 831-850 and 4152-4136 and supcloned 
into plasmid pGEM-3Z (Promega) to derive the clone pSJ314.71 . 
The cDNA was first generated by reverse transcription of total 
cellular RNA from clone 20850e by using the primer compli- 
mentary to HPV-16 nt 4152-4136. Digestion of pSJ3 14.71 with 
Nco I and Nar I gave rise to a 1000-bp-iong E6/E7 cDNA- 
specific probe (probe 1). The HPV-16 genomic DNA probe 
(probe 2) was generated by digestion of pHPV-16 with Taq I 
and Nar I, which cleave at HPV-16 nt 505 and 1309. The probes 
were ? 2 P-labeIed at the 3' end by nucleotide fill-in reactions. SI 
nuclease analysis was performed as described (14). 

Actinomycin D. Assay. Total cellular RNA was extracted 0, 
1, 2, 6, and 12 hr after administration of actinomycin D (5 
/ig/ml; Pharmacia). Northern analyses were performed with 
the E6/E7 probe described above. 

fos Promoter Expression System. NIH 3T3 mouse fibro- 
blasts were catransfected by the calcium phosphate precipita- . 
tioh method (15) with either pSJfosGlob or pSJfosGlobl6 and 
pS Vneo (16), which confers Geneticin (G418) resistance. Cells 
were placed under selection for G418 resistance for 2 weeks 
and colonies were pooled and expanded. The pooled popula- 
tion was starved for 25 hr in Dulbecco's modified Eagle's 
medium (DM EM) containing 0.5% calf serum (completeness 
of synchronization was assessed by fluorescence-activated flow 
cytometry) and restimulated in DM EM with 10% calf serum. 
Digestion of pSJfosGLOB with Hindlll and BamUl gave rise 
to the /3-globin-specif ic probe used for the Northern analyses. 
pSJfosGLOB was made by replacing the EcoRl-Xcm I frag- 
ment of pfos-/3GLOB (human |3-globin gene) (17) with that of 
pBBB3 (rabbit j3-globin gene) (18), thus providing a unique 
Bgl II site in the 0-globin 3' UTR for cloning purposes. The 3' 
UTR of HPV-16 was amplified by PCR using primers com- 
plementary to HPV-16 nt 4005-4025 and 4213-4195 and 
inserted into this unique Bgl II site of pSJfosGLOB, resulting 
in pSJfosGLOB16. 



Abbreviations: HPV, human papillomavirus; UTR, untranslated re- 
gion; ARE, A+U-rich element. 
*To whom reprint requests should be addressed. 
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RESULTS 

To investigate the role that integration of HPV-16 DNA into 
human chromosome plays in cervical carcinogenesis, we have 
cloned and characterized cell populations harboring either 
extrachromosomal (e) or integrated (i) viral DNA (35) from 
the W12 cell population (13). A representative Southern anal- 
ysis (Fig. 1) demonstrates that two of these clonal populations 
(20850e and 20863e) harbor «1000 copies of intact HPV-16 
DNA, the majority of which were extrachromosomal as evi- 
denced by the presence of the supercoiled form of HPV-16 
DNA Other clones exclusively harbor integrated viral DNA as 
judged by the absence of supercoiled DNA Among these 
clones, two distinctly different patterns of integration were 
observed (Fig. 1); clones 20822 and 201402 gave rise to two 
junction-specific bands (type 1 integration), whereas clones 
20831, 20862, and 20861 gave rise to both unique junction- 
derived fragments and unit-length 7.9-kb bands (type 2 inte- 
gration). 

To determine whether the heightened level of E7 protein 
expression in the integrated clones (35) was the consequence 
of increased levels of E7-specific mRNAs, we measured the 
steady-state level of HPV-16 E6/E7 mRNAs among the dif- 
ferent clones by Northern analysis of total cellular RNA hy- 
bridized to an E6/E7-specific probe. A lower or similar level 
of E6/E7 mRNA expression was observed in the extrachro- 
mosomal clones compared with the integrated clones (Fig. 2). 
When corrected for differences in viral DNA copy number, a 
significantly higher level of E6/E7 mRNAs per viral genome 
copy accumulated in the integrated clones than in extrachro- 
mosomal clones (Table 1). When the same Northern blot was 
rehybridized to a radiolabeled probe specific for the 3' UTR 
of the HPV-16 early region, the E6/E7 mRNAs in the extra- 
chromosomal clones, but not in the integrated clones, were 
detected. The lack of hybridization of the 3' UTR probe to 
E6/E7 mRNAs was unexpected in the case of the type 2 
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Fig. 1. State of HPV-16 DNA in the clonal populations derived 
from W12 cells. Southern analysis of both uncut sheared (Upper) and 
BflmHlKiigested (Lower) total genomic DNA from clonal populations, 
hybridized with the full-length HPVI6 probe. BamHl cuts the HPV-16 
genome once, at nt 615Q. Because of the wide range of viral copy 
numbers among the cell populations, two different exposures of the 
blot of BamHI-digested DNA are shown. Positions of open-circular 
(OQ, supercoiled (SC), and 7.9-kb linearized HPV-16 DNA are 
indicated. Copy number of HPV-16 DNA was assessed in reference to 
the standards in which 2.2, 22, 220, and 2200 pg of cloned HPV-16 
(corresponding to 1,-10, 100, and 1000 molecules of HPV-16 DNA per 
cell) were used in the reconstruction with DNA from HPV-negative 
Sccl3ya cells. 
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Fig. 2. Steady-state level of E6/E7 mRNA expression in the clonal 
populations. A Northern blot of total RNA from W12 clonal cell 
populations was sequentially hybridized with the probes specific to the 
HPV-16 E6/E7 region (Top), HPV-16 3' UTR (Middle), and glycer- 
aldehyde-3-phosphate dehydrogenase (GAPDH) mRNA (Bottom) 
(provided to account for sample load variations on the gel). The C33a 
human cervical cancer cell line, which is HPV-negative, was used as a 
negative control. SiHa and CaSki are HPV-16-positive human cervical 
cancer cell lines. Note that the strong hybridization to the E6/E7- 
rcgion probe was not completely removed in the 20661i lane when it 
was reprobed with the 3' UTR probe. Additional experiments verified 
an absence of detectable hybridization to the 3' UTR probe for RNA 
obtained from clone 20861 i (data not shown). 

integrated clones 20831, 20861, and 20862, since a significant 
fraction of the viral genomes present in these cells are unit 
length and therefore should give rise to E6/E7 mRNAs that 
possess the viral 3' UTR. Interestingly, this result is consistent 
with what is observed in the cervical cancer cell line CaSki, 
which also has a type 2 integration event (19) (Fig. 2). 

To more accurately characterize the structures of the E6/E7 
mRNAs accumulating in our different clonal populations, we 
performed SI nuclease mapping analysis using an E6/E7 
cDNA probe (probe 1) (Fig. 3A). The 812-nt SI product, 
indicative of the presence of E6/E7 mRNAs arising from 
intact viral genome (Fig. 3,4), was detected only in the extra- 
chromosomal clones (20850e and 20863e) (Fig. 3J5). In con- 
trast, SI products of **380 nt were detected in the majority of 
integrated clones. These products were similar in size to that 
seen with CaSki RNA suggesting that the integration events 
have led to the disruption of the viral sequences at nucleotide 
positions close to that in CaSki (20, 21). Consistent with this 
conclusion, we have cloned and sequenced the E6/E7 mRNAs 
arising from one of these clones, 20822i, and found the virus/ 
cell junction to He at HPV-16 nt 3732 (35). Two integrated 
clones, 20861i and 201402i, as well as the cervical cancer cell 
line SiHa, failed to give rise to any detectable SI product with 
the E6/E7 cDNA probe, though one could detect E6/E7 
mRNA with an E6/E7 genomic probe (probe 2) (Fig. 3£). The 
simplest interpretation of these results is that these E6/E7 
RNAs utilize an alternative cell-specific 3' splice site. With 
probe 2, two SI products were obtained with clone 2086 li 
RNA and both were slightly larger than the product generated 
from RNAs utilizing the HPV-16 5' splice signal at nt 880. This 
result suggests either that an alternative 5' splice signal close 
to HPV-16 nt 880 is utilized in clone 20861i or that the 
viral/cellular junction is at this location. 

The above described RNA analyses indicate that the E6/E7 
mRNAs that accumulate in the clonal ceil populations har- 
boring integrated viral DNA arise predominantly from the 
copies of the viral genome disrupted by the integration event 
even in the type 2 integrated clones. This result led us to 
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Table 1. Properties of W12 clonal populations and cervical tumor cell lines 



Integrated 





Extrachromosomal 




Typel 






Type 2 




Cell population 


20850/20863 


20822 


201402 


SiHa 


20831/20862 


20861 


CaSki 


Viral copy number 


1000 


3 


5 


2 


60 


30 


600 


E6/E7 mRNA level* 


0.2/0.4 


0.2 


0.3 


03 


0.2/0.3 


2.3 


1.0 




. (0.12/0.24) 


(40) 


(36) 


(94) 


(2.0/3.0) 


(48) 


(1.0) 


mRNA from intact HPV16t 


+ 














E6/E7 mRNA half-life,* hr 


3 


6 


6 


ND 


6 


>12 . . 


6 



Quantitation was performed by Phosphorlmager analyses (Molecular Dynamics). Data on viral copy number was adopted from elsewhere (35). 
ND, not done. 

* Obtained from data in Fig. 2 corrected to that of GAPDH mRNA. Values shown are normalized to E6/E7 mRNA level in CaSki. In parentheses, 
level of E6/E7 mRNA per viral genome copy relative to CaSki is indicated. 
^Results from 3' UTR-specific Northern blot (Fig. 2) and Si nuclease mapping analysis (Fig. 32?) are summarized. 
♦Calculated, from actinomycin D mRNA -decay experiments; (Fig. 4). 



suspect that a possible cis effect was responsible for this 
selective accumulation of junction-derived E6/E7 mRNAs. 
The junction-derived E6/E7 mRNAs differ from the normal 
E6/E7 mRNAs in their 3' ends. Given the well-documented 
role of 3' UTRs in mRNA stability (22), we sought to deter- 
mine whether the half-lives of E6/E7 mRNAs differed among 
the different clones. This was accomplished through the use of 
actinomycin D treatment, which blocks de novo RNA synthesis! 
The half-life of the E6/E7 mRNAs in the extrachromosomal 
clones 20850e and 20863e was 3 hr (Fig. 4). In comparison, the 
half-lives of E6/E7 mRNAs that accumulated in the integrated 
clones or cervical tumor cell lines were 6 to >12 hr. Thus, the 
actinomycin D experiments (summarized in Table 1) indicate 
that differences in mRNA stability might account in part for 
the selective accumulation of E6/E7 mRNAs from the junc- 
tion copies of the viral genome. 



Unstable mRNAs such as c-fos mRNA have been found to 
contain A+U-rich elements [AREs (18)] in their 3' UTR that 
contribute to mRNA instability (23). A region that is 80% 
A+U (HPV : 16 nt 4005-4213) is present within the 3' UTR of 
E6/E7 mRNAs arising from intact viral copies. Importantly, 
the 3' UTRs of E6/E7 mRNAs transcribed from integrated, 
disrupted HPV-16 genomes are replaced by cellular sequences 
with a lower A+U content: for example, 55% in CaSki (20) 
and 51% in 20822i (35). To see whether the ARE in the 
HPV-16 early-region 3' UTR was sufficient to confer insta- 
bility on an mRNA, the viral 3' UTR was inserted into £-gIobin 
gene, a gene that expresses a highly stable mRNA, under the 
transcriptional control of the serum-responsive c-fos promoter 
(17, 18, 24, 25). This inducible promoter creates a short pulse 
of mRNA synthesis in synchronized populations of NIH 3T3 
cells upon serum stimulation, providing a means to measure 
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Fig. 3. E6/E7 mRNA expression in extrachromosomal clonal populations vs. integrated clonal populations and tumor cell lines. (A) Schematic 
illustration of potential E6/E7 mRNA species (solid boxes, HPV-16 RNA; open boxes, cellular sequences). Below each species are indicated SI 
nuclease products protected by either the E6/E7 cDNA-derived probe (probe 1) or the HPV?16 genomic DNA-derived probe (probe 2) shown 
at the bottom (hatched and stippled boxes, HPV-16 DNA). (a) Representative HPV-16 E6/E7 mRNA species. The presence of the splice between 
HPV-16 nt 880 and 33^7 and the viral 3' UTR is common in all differentially spliced E6/E7 mRNAs from intact HPV-16 DNA (b) The E6/E7 
mRNA in CaSki cervical cancer cells. Splicing occurs between HPV-16 nt 880 and 3357 with fusion between viral and cellular sequences at nt 3726 
(20). (c) The E6/E7 mRNA in SiHa cervical cancer cells. Splicing from HPV-16 nt 880 to a cellular 3' splice signal has been detected (21). (B) 
SI nuclease mapping analysis using either probe l'(Top), probe 2 (Middle), or an actin probe (Bottom). The human actin probe was used as a control 
for sample load variation. Note that the SI digestion of probe 1 in the 2014021 sample was incomplete in the experiment presented. In other 
experiments, complete SI digestion demonstrated the absence of any probe 1 -specific SI product for this RNA similar to that seen with SiHa and 
20861i. Also note that levels of 20850i HPV-16-specific SI products were very low (correlating with low levels seen by Northern analysis in Fig. 
1); however, upon longer, exposure the 375-bp probe 2 SI product was detected. 
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Fig 4 Stability of E6/E7 mRNAs in extracnromosomal vs. integrated clonal populations. Northern hybridization to an E6/E7-specific probe 
was carried out with total cellular RNA obtained from clonal populations (20850e, 20863e, 20822i, and 20861i) 0, 1, 2, 6, and 12 hr after blocking 
of de novo transcription with actinomycin D. To determine half-lives as reported in Table 1, levels of E6/E7 mRNAs were corrected for variation 
in loading by comparison with the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA signal. The validity of the actinomycin D assay 
in our hands was determined by probing Northern blots with a c-myc-specific probe; the half-life of c-myc mRNA was reproduably found to be 
1 hr (data not shown). Actinomycin D experiments were performed four times and half-lives were reproducible (within 30%) among experiments. 

element. Replacement of the viral 3' UTR in E6/E7 mRNAs 
arising from integrative disruption of the HPV-16 early region 
would therefore be predicted to stabilize the viral mRNAs. 



the half-life of an mRNA. Using this approach, the ARE 
reduced the half-life Of 0-gJobin mRNA from >600 min to 90 
min (Fig. 5). This reduction is similar to what has been ob- 
served with AREs from other short-lived mRNAs when as- 
sayed in the 0-globin gene background (18, 19). Further, we 
found the E6/E7 mRNA, when expressed from the intact 
HPV-16 early region under the transcriptional control of the 
c-fos promoter, to have a half-life of only 20^-40 min (data not 
shown). Based upon these findings, we conclude that the 
HPV-16 early-region 3' UTR contains an mRNA instability 
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Fig. 5. Mapping the instability element present in the 3' UTR of 
HPV-16 E6/E7 mRNA (Upper) Schematic illustration of the plasmids 
used (hatched box, HPV16e 3' UTR; stippled box, coding region of 
0-globiri; open box, 3' UTR of 0-globin). (Lower) Levels of 0-giobin 
message in NIH 3T3 cells harboring either pSJfosGLOB or pSJfos- 
GLOB16, plotted as a function of time after serum stimulation. The 
values were plotted relative to the peak levels of each specific RNA 
seen after serum stimulation. The time (/1/2) at which the level of 
E6/E7 mRNA was half of the peak level is provided. Similar data were 
reproducibly obtained in two independent experiments. 



DISCUSSION 

In this report, we provide evidence that integration of HPV-16 
DNA genomes in cervical epithelial cells leads to increased 
steady-state levels of viral mRNAs transcribed from the E6 
and E7 oncogenes. Multiple mechanisms' involving transcrip- 
tional derepression have been proposed previously to account 
for continued if not heightened expression of E6 and E7 
oncogenes in cervical cancers (26, 27). We demonstrate that 
increased steady-state levels of E6/E7 mRNAs in cells har- 
boring integrated viral DNA can result, at least in part, from 
an increase in mRNA stability through replacement of the 
HPV-16 early 3' UTR, containing an mRNA instability ele- 
ment, with cellular sequences. This mechanism for dysregu- 
lated expression of papillomaviral oncogenes can be likened to 
that proposed to occur with the cellular protooncogenes c-myc 
and c-myb as a consequence of genomic rearrangements in 
cancers (28, 29). That HPV DNA integration leads to the 
removal of a viralry encoded mRNA instability element pro- 
vides: (1) a simple explanation for the selective accumulation 
of viral mRNAs arising from the integrated, disrupted copies 
of the viral genome in cancer cells in which most copies are 
integrated intact, such as is found in CaSki cells: (ii) a rationale 
for why integrative disruption of the viral genome as seen in 
cervical cancers occurs upstream of the papillomaviral early 
region 3' UTR; and (Ui) a potential explanation for why 
cellular sequences at the viral/cellular junction of an inte- 
grated copy of HPV-16 DNA in a particular cervical cancer 
were necessary for that HPV-16 DNA to confer efficient 
transformation of NIH 3T3 cells (30). 

mRNA half-life is thought to be regulated through cis ele- 
ments contained within the mRNAs. One such element con- 
trolling RNA stability is a specific sequence motif of the 
consensus sequence 5'^UAUUUAU-3' present in multiple 
copies within the A+U-rich 3' UTR of short-lived mRNAs 
(22). The ARE containing these sequence motifs within the 
HPV-16 early 3' UTR sequences was found to be sufficient to 
confer instability on the 0-globin mRNA (Fig. 5). Other levels 
of posttranscriptional regulation are also known to occur. For 
example, the 3' UTR of the late genes of papiliomiviruses has 
been implicated in modulating the steady-state levels of a 
distinct set of viral mRNAs that encode the viral structural 
(capsid) proteins (31, 32). Unlike the early 3' UTR which we 
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have demonstrated to function at the level of mRNA stability, 
the late-region 3' UTR has been found to modulate the 
steady-state levels of late mRNAs at the level of mRNA 
processing or nuclear transport (33). Thus, papillomaviruses 
use multiple posttranscriptional mechanisms for modulating 
expression of their genes. 

We found the HPV-16 early 3' UTR to confer a >7-fold 
reduction in 0-globin mRNA half-life. Correspondingly, we 
found a 2- to >4-fold increase in half-life for E6/E7 mRNAs 
arising from viral genomes disrupted by integration. Yet the 
differences in the relative abundance of E6/E7 mRNAs per 
viral genome copy in the integrated versus extrachromosomal 
clones ranged from 4- to 400-fold. Thus, it is likely that the 
additional levels of control of gene expression must be affected 
by integration. The hyper methylated state of HPV-16 DNA in 
the W12 integrated clones compared with that in the extra- 
chromosomal clones (36) indicates that transcriptional activity 
of the integrated viral genomes is not heightened. Neverthe- 
less, it has been proposed (27) that viral DNA integration, as 
found in cervical cancers, might cause derepression of E6/E7 
mRNA synthesis, through the integrative disruption of the 
viral E2 gene, which encodes a transcriptional repressor of the 
E6/E7-specific P97 promoter. Since the integration events in 
our W12 clonal populations also result in the disruption of the 
E2 gene, derepression of the P97 promoter may contribute to 
the increased steady-state levels of E6/E7 mRNAs in our 
integrated clones in addition to the altered mRNA stability. 
An alternative mechanism of transcriptional derepression has 
been recently identified, in which deletion of binding sites for 
the cellular transcription factor, YY1, located upstream of the 
P97 promoter results in loss of YY1 -mediated repression of 
E6 /E7 mRNA synthesis (26). We failed to detect any deletions 
within the HPV-16 genomes present in our clones that would 
be indicative of the disruption of putative YY1 sites upstream . 
of the7V7 promoter. It is perhaps significant that the majority 
of independent integration events that we have characterized 
in the W12 cell clones result in viral/cellular junctions that are 
clustered in a short region of the viral genome >300 nt 
upstream of the 3' UTR. It is not known whether this region 
contains cis elements that affect steady : state levels of E6/E7 
mRNAs independently of or in concert with the 3' UTR. 
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thank Walter Hubert and Drs. Anne Griep, Jeff Ross, and Bill Sugden 
for critical review of the manuscript T7i is work was supported by 
Public Health Service Grants CA22443 and CA07175 and by Amer- 
ican Cancer Society Grant JFRA-393. 
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Most cervical carcinomas express high-risk human papillomavi- 
ruses (HPVs) E6 and E7 proteins, which neutralize cellular tumor 
suppressor function. To determine the consequences of removing 
the E6 and E7 proteins from cervical cancer cells, we infected HeLa 
cells, a cervical carcinoma cell line that contains HPV18 DNA, with 
a recombinant virus that expresses the bovine papillomavirus E2 
protein. Expression of the E2 protein resulted in rapid repression of 
HPV E6 and E7 expression, followed ~12 h later by profound 
inhibition of cellular DNA synthesis. Shortly after E6/E7 repression, 
there was dramatic posttranscriptional induction of p53. Two 
p53-responsive genes, mdm2 and p21, were induced with slightly 
slower kinetics than p53 and appeared to be functional, as assessed 
by inhibition of cyclin-dependent kinase activity and p53 destabi- 
lization. There was also dramatic posttranscriptional induction of 
p105 Rb and p107 after E6/E7 repression, followed shortly thereaf- 
ter by induction of p130. By 24 h after infection, only hypophos- 
phorylated p105 Rb was detectable and transcription of several 
Rb/E2F-regulated genes was dramatically repressed. Constitutive 
expression of the HPV16 E6/E7 genes alleviated E2-induced growth 
inhibition and impaired activation of the Rb pathway and repres- 
sion of E2F-responsive genes. This dynamic response strongly 
suggests that the p53 and Rb tumor suppressor pathways are intact 
in HeLa cells and that repression of HPV E6 and E7 mobilizes these 
pathways in an orderly fashion to deliver growth inhibitory signals 
to the cells. Strikingly, the major alterations in the cell cycle 
machinery underlying cervical carcinogenesis can be reversed by 
repression of the endogenous HPV oncogenes. 

High-risk human papillomaviruses (HPVs) such as HPV 18 
play a central role in the development of essentially all cases 
of cervical carcinoma (1). However, carcinoma develops infre- 
quently even after infection by these HPV types, and it typically 
occurs years to decades after the initial infection. Two HPV 
oncogenes, E6 and E7, are expressed in cervical carcinomas and 
carcinoma-derived cell lines. The E6 and E7 proteins can 
immortalize cultured primary human keratinocytes, but these 
immortalized cells are not tumorigenic unless additional, unde- 
fined genetic events occur. These observations imply that the 
viral oncogenes do not directly induce tumor formation but 
rather set in motion a series of events that may ultimately result 
in tumorigenicity. 

The high-risk HPV E6 and E7 proteins exert profound effects 
on the tumor suppressor proteins p53 and pl05 Rb (I). These 
tumor suppressor proteins normally control signaling pathways 
that regulate the cell cycle and monitor and protect the integrity 
of the genome. p53 is a transcription factor that activates 
transcription of a variety of genes including p 21 Wan/CiP,/SDn 
(p21) (reviewed in ref. 2). p21 directly inhibits the activity of 
cyclin-dependent kinase (cdk) complexes, which are required for 
cell cycle progression. Transcription of the mdm2 gene is also 
induced by p53. mdm2 in turn binds to p53 and stimulates its 
degradation in a negative feedback loop that controls p53 levels. 



pl05 Rb and the retinoblastoma (Rb) family members pl07 and 
pl30 regulate the activity of E2F transcription factors, which 
control transcription of a variety of genes required for cell cycle 
progression (reviewed in refs^ 3 and 4). Hypophosphorylated Rb 
family members bind to E2F family members, thereby forming 
complexes that actively repress transcription of cell cycle genes 
(5-13). Phosphorylation of Rb proteins by cdks disrupts these 
complexes. Disruption of these complexes impairs repression 
and increases the concentration of unbound E2F family mem- 
bers, some of which, like E2F1, can stimulate transcription (3, 4). 

The high-risk HPV E6 protein binds to p53 and targets it for 
accelerated ubiquitin-mediated degradation, and the high-risk 
HPV E7 protein binds to hypophosphorylated members of the 
retinoblastoma family, resulting in their destabilization and the 
disruption of Rb/E2F repressor complexes (14-21); Therefore, 
levels of p53 and hypophosphorylated Rb are typically low in 
cells expressing the E6 and E7 proteins. As a consequence of 
these interactions, expression of high-risk HPV E6 and E7 
proteins in cultured cells disrupts cell cycle checkpoint control 
and results in increased rates of mutagenesis and genetic insta- 
bility (18, 22-27). Thus, expression of the E6 and E7 proteins 
may facilitate acquisition of the additional genetic changes that 
drive carcinogenic progression. Similar processes appear to 
occur during cervical carcinogenesis in vivo. For example, HeLa 
cells, an aneuploid tumorigenic cell line derived from a malig- 
nant human cervical carcinoma, express E6 and E7 proteins 
from integrated HPV18 DNA and display aberrant checkpoint 
control (28, 29). 

Most cervical carcinomas and cervical carcinoma cell lines, 
including HeLa cells, harbor wild-type p53 and pl05 Rb genes (30, 
31). Thus, the growth regulatory machinery active in normal 
cells may be intact in these carcinoma cells but masked by 
expression of the HPV E6 and E7 proteins. To analyze the 
consequences of removing the HPV E6 and E7 proteins from 
cervical carcinoma cells, we and others have exploited the ability 
of the bovine papillomavirus (BPV) and HPV E2 proteins to 
repress E6/E7 transcription by binding directly to the HPV early 
promoter (32-41). Introduction of an ectopic E2 gene into a 
number of cervical carcinoma cells lines results in a great 
reduction in E6/E7 mRNA and in substantial growth inhibition 
(32-36, 38, 42). E2-mediated growth inhibition is observed only 
in cells containing HPV DNA, and E2-induced reduction in 
HeLa cell colony formation is prevented by constitutive expres- 
sion of the HPV16 E6 and E7 genes (32, 38, 41, 42), indicting that 
repression of E6/E7 is required for the growth inhibitory effect. 



Abbreviations: HPV, human papillomavirus; Rb. retinoblastoma; cdk. cydin-de pendent 
kinase; BPV, bovine papilloma virus. 
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We used a recombinant SV40-based viral vector to express the 
E2 protein in cervical carcinoma cells (32). Two days after 
infection with this virus (but not after infection with viruses 
expressing inactive mutant E2 proteins), HeLa cells display 
profound growth inhibition; accumulating with a Gi/G 0 . DNA 
content (32, 34, 42). At this time, HPV18 E6/E7 expression is 
repressed and p53, p21 and hypophosphorylated . pl05 Rb are 
induced. However, these experiments examined a single time 
point after the imposition of severe growth inhibition and 
therefore provided a static snapshot of the cellular response to 
E2 expression. The sequence of biochemical events that occurs 
after E6/E7 repression is not known, nor is it known whether the 
cells arrested because of the orderly reestablishment of normal 
growth control mechanisms or to catastrophic derangement of 
cellular metabolism. Here, we examined the sequence of bio- 
chemical events induced by. expression of the E2 protein in 
cervical carcinoma cells. This kinetic analysis revealed a dynamic 
and complex sequence of activating and repressing events in cell 
cycle regulatory components that strongly implied that the p53 
arid Rb tumor suppressor signaling pathways are intact in HeLa 
cells and able to transduce a growth inhibitory signal once HPV 
oncogene expression is extinguished. These findings have im- 
portant implications for the, pathogenesis and treatment of 
cervical carcinoma. 

Materials and Methods 

Cells and Virus Preparation. HeLa cells were maintained in stan- 
dard media as described (42). The-pPava-5'BAS viral vector (42), 
which contains a wild-type BPV E2 gene but no SV40 T antigen 
gene and a disrupted BPV E5 gene, was further modified by 
replacing the AUG start codon for the internally initiated, E2 
trans-repressor protein with an ATC codon, a mutation with no 
apparent effect on the E2 activities measured here (32). This 
repressor minus construct was renamed pPava-5'BAS-RMC 
Viral stocks were prepared and titered as described previously 
(38), and mock-infected cells were used as controls. Cellular 
DNA synthesis assays were performed in quadruplicate as 
described (42), with the modification that infections were at a 
multiplicity of infection of 20 and that [ 3 H]thymidine labeling 
was performed for only 2 h. Recombinant retroviruses express- 
ing HPV16 E6/E7 and control retroviruses were obtained from 
Denise Galloway (Fred Hutchinson Cancer Research Institute) 
(43) After infection with these viruses and selection for G418- 
resistance, individual clones of drug-resistant HeLa cells were 
expanded into cell lines for analysis. 

RNA Analysis. Cells were infected as described previously (42), 
and cell pellets were harvested and frozen at -80°C until 
fractionation. Total cellular RNA was purified by using Tnzol 
reagent (Life Technologies), and 5 /xg of RNA was subjected to 
formaldehyde-agarose gel electrophoresis, transferred to Nytran 
(Schleicher & Schuell) and crosslinked to the membrane by UV 
irradiation. The immobilized RNA, was hybridized with the. 
indicated random prime-labeled cDNA, and the signal was 
detected and quantified with a Phosphorlmager (Molecular 
Dynamics). Sequential hybridizations were performed after 
stripping the previous probe from the membrane. RNA levels 
were normalized to the signal obtained with ubiquitin mRNA. 

Immunoblotting and cdk2 Kinase Activity. Protein for immunoblot- 
ting was prepared from the Trizol extracts after isolation of the 
RNA as described (38). Five micrograms of extracted protein 
was resolved by denaturing PAGE, transferred to an Immo- 
bilon-P membrane and probed with the antibodies specific for 
the following proteins: E2F1 (catalogue ho. 05-379) from Up- 
state Biotechnology (Lake Placid, NY); P 107 (sc-318) P 130 
(sc-317), mdm2 (sc-965), cdc25A (sc-7389), cdk2 (sc-748) and 
p21 (sc-397), all from Santa Cruz Biotechnology; p53 (15801A) 
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Fig. 1. Time course of HPV E6/E7 repression and growth inhibition. HeLa 
cells were infected or mock-infected, and. at the indicated time after infec- 
tion, RNA was analyzed for HPV E6/E7 expression by Northern blotting (solid 
line), and cellular DNA synthesis was determined by incorporation of tritiated 
thymidine (dashed line). The error bars indicate two standard deviations of 
the mean, (/met) Repression of HPV E6/E7 expression. Northern blot described 
above. RNA was isolated at the indicated hours after E2 infection (Lower) or 
mock-infection (Upper), electrophoresed. transferred, and probed with a 
radiolabeled HPV18 E6/E7 DNA fragment. The signal obtained was quanti- 
tated, normalized for the signal obtained with a ubiquitin probe, and ex- 
pressed as the percentage of the normalized signal obtained with RNA from 
mock-infected cells. 

and pl05Rb (14001A), both from. PharMingen; and cyclin A 
(from H. Zhang, Yale University). To measure cdk activity, 
HeLa extracts were immunoprecipitated as previously described 
(38), and histone HI kinase activity was determined and quan- 
titated with a Phosphorlmager. After subtraction of the small 
signal resulting from kinase reactions after immunoprecipitation 
with nonimmune, species-matched antibodies, the signals were 
normalized to mock-infected controls. 

Results and Discussion 

E2-Mediated Inhibition of DNA Synthesis and Repression of HPV Gene 
Expression. We used a recombinant BPV/SV40 virus to intro- 
duce the BPV E2 gene into HeLa cells to determine the timing 
of events after expression of the full-length E2 protein. To 
measure cellular DNA synthesis, the ceils were subjected to a 
2-h pulse of [ 3 H]thymidine at various times after infection with 
the E2 virus at a multiplicity of 20 infectious units per cell or 
after mock infection, and acid-insoluble radioactivity was 
determined: As shown in Fig. 1, there was no difference in 
thymidine incorporation between infected and control cells at 
12 h after infection. By 18 h after infection, infected ceils 
showed a modest inhibition of DNA synthesis compared with 
mock-infected cells. The extent of inhibition increased with 
time, with DNA synthesis being approximately 40% of control 
levels by 24 h after infection and less than 5% by 36 h. These 
results demonstrated that the E2 protein exerted profound 
biological effects in the vast majority of cells m the population 
,and established the time frame against which to measure 
biochemical changes in these cells. utvimo 
Northern blotting was used to analyze expression ot HFV18 
E6/E7 mRNA at various times after infection or after mock- 
infection (Fig. 1 Inset). By 9 h after infection with the E2 virus, 
there was a reduction in HPV E6/E7 expression m infected cells 
compared with control cells. Quantitation in comparison to 
ubiquitin mRNA revealed that the level of E6/E7 RNA in 
E2-expressing cells was less than 40% the level m control cells 
by 12 h after infection and less than 10% by 18 h (Fig. 1). 
Expression of the E7 protein was repressed with similar kinetics 
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Fig. 2. (Left) Western analysis of p53 pathway. HeLa ceil proteins were 
harvested at the indicated hours after E2 infection or mock-infection, elec- 
trophoresed. transferred, and probed with antibodies specific for p53. p21, or 
human mdm2. as indicated. (Right) Northern analysis of p53 pathway. HeLa 
cell RNA was isolated at the indicated hours after E2 infection or mock- 
infection. After electrophoresis and transfer. p53. p21. and mdm2 mRNA was 
detected by hybridization to the appropriate radiolabeled cDNA probe. 

(see Fig: 4). Therefore, HPV repression was a relatively early 
event after infection of HeLa cells with an E2-expressing virus 
and in fact was the earliest biochemical change we have detected. 
Importantly, HPV E6/E7 repression clearly preceded inhibition 
of DNA synthesis by about 12 h, a result consistent with 
repression playing a causal role in growth arrest. 

Activation of the p53 Tumor Suppressor Pathway. The stability of 
p53 is increased in growth-arrested HeLa cells (32), an effect 
presumably due to the loss of the HPV18 E6 protein, which 
otherwise promotes accelerated, ubiquitin-mediated degrada- 
tion of p53. Furthermore, in these growth-arrested cells, expres- 
sion of the p53-responsive p21 gene is induced at the transcrip- 
tional level. Here, we used immunoblotting to determine the 
steady state level of p53 and two of its transcriptional targets, p21 
and mdm2, at various times after infection (Fig; 2 Left). There 
was little change in the abundance of these proteins in mock- 
infected cells. In response to E2 expression, p53 displayed a 
complex kinetic profile, showing a dramatic induction by 18 h, 
followed by a drop after 24 h, so that by 50 h after infection the 
steady state level of p53 was only modestly higher than that 
observed in mock-infected cells. The mdm2 protein also showed 
a complex profile, with maximum levels attained at 24 h, after 
which there was a significant decline from the peak levels. p21 
was induced with kinetics similar to mdm2, but its expression 
persisted for at least 50 h. p53 induction was approximately 
half-maximal by 18 h, whereas mdm2 and p21 induction was 
much less pronounced at this time point. 

Because p53 and mdm2 displayed a similar expression 
pattern, namely an initial induction by the E2 protein followed 
by a decline, it seemed likely that these changes in the levels 
of the mdm2 protein were due to p53-mediated regulation of 
mdm2 transcription. Northern blotting demonstrated that 
mdm2 RNA levels did in fact rise and fall in parallel with mdm2 
protein levels (Fig. 2 Right). Similarly, p21 was induced at the 
mRNA level. Consistent with the model that p21 and mdm2 
induction was mediated by p53-transcriptional activation, nei- 
ther gene was induced by E2 expression in HT-3 cells, an 
HPV30-containing cervical carcinoma cell line that expresses 
a transactivation-defective p53 protein (refs. 30, 31, and 38; 
data not shown). If the loss of HPV E6-directed degradation 
of p53 is responsible for the initial increase in p53 levels in 
HeLa cells, and the imposition of mdm2-directed degradation 
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fig. 3. Cyclin-dependent kinase activity. HeLa cell extracts were prepared at 
the indicated hours after E 2 infection or mode-infection; After immunopre- 
cipitation with control antibodies or. antibodies specific for cyclin E (dotted 
line). cdk2 (dashed line), or cyclin A (solid line), kinase activity toward histone 
H1 was measured. The signal obtained was quantitated and expressed as the 
percentage of the corrected signal obtained with mock -infected samples. 
(Inset) Western analysis of cdk components. HeLa cell proteins were harvested 
at the indicated times from mock-infected or E2-infected cells. After electro- 
phoresis and transfer, samples were probed with antibodies specific for cyclin 
A, cyclin E, and cdk2, as indicated. 

is responsible for the later decline, then the level of p53 mRNA 
should not change after expression of the E2 protein. In accord 
with this prediction, p53 mRNA levels changed little during the 
course of infection (Fig. 2 Right), despite the dramatic fluc- 
tuations in the level of p53 itself. 

Because p21-mediated inhibition of cdk activity is an impor- 
tant consequence of p53 activation, we measured the kinase 
activity of cdk complexes in vitro. HeLa cell extracts prepared at 
various times after infection were immunoprecipitated with 
control antibodies or antibodies recognizing cdk2, cyclin A, and 
cyclin E, and the kinase activity of the immunoprecipitates 
toward histone HI was measured. As shown in Fig. 3, E2 
expression reduced the activity of all three types of cdk com- 
plexes, compared with complexes isolated from mock-infected 
cells. Inhibition of kinase activity was substantial by 18 h after 
infection and persisted for the duration of the experiment. To 
determine whether the components of cdk complexes were 
expressed at a reduced level in HeLa cells, we used immuno- 
blotting to measure the expression of cdk2, cyclin A, and cyclin 
E. As shown in Fig. 3 Inset, the levels of cdk? and cyclin E in cells 
expressing the E2 protein did not differ from those in mock- 
infected cells at.any time during the course of the experiment. In 
contrast, cyclin A levels were essentially unchanged during the 
first 18. h after E2 infection and then declined to undetectable 
levels by 36 h after infection. 

Our results suggest that the following sequence of events 
occurred in the p53 pathway. Binding of the E2 protein to the 
HPV18 early promoter caused transcriptional repression of 
E6/E7 expression. The resulting decay in the E6 protein reduced 
the amount of p53 targeted to the ubiquitin degradation system, 
leading to increased levels of p53. p53 induction caused in- 
creased transcription of the p21 and mdm2 genes and the 
accumulation of p21 and mdm2 proteins. As the mdm2 protein 
accumulated, it targeted p53 for accelerated degradation, lead- 
ing to a posttranscriptiohal drop in p53 levels. As p53 levels 
dropped, it no longer induced mdm2 transcription, and levels of 
rndm2 RNA and protein dropped. This kinetic analysis provided 
evidence that the p53/mdm2 negative feedback loop is intact in 
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Fig 4. Reft) Western analysis of retinoblastoma family members. HeLa cell 
protein was prepared at the indicated hours after E2 infection or mock- 
infection. After electrophoresis and transfer, specific antibodies were used to 
detect HPV18 E7, p105 Rb , p107. and p130. The hyperphosphorylated (p) and 
hypophosphorylated (o) form of p.105 to are indicated. (Bight) Northern anal- 
ysis of retinoblastoma family members. HeLa cell RNA was prepared at the 
indicated hours after mock-infection or E2 infection. After electrophoresis 
and transfer, p 1 05 Rb . p 1 07. and p 1 30 mRN A were detected by hybridization to 
the appropriate radiolabeled cDNA probe. 

HeLa cells. p21 m RNA levels also dropped at times later than 
the 50-h time point analyzed here (data not shown). The induced 
p21 bound to cdks and inhibited their activities, an effect that was 
reinforced by the absence of cyclin A in the case of total cdk2 and 
cyclin A-associated cdk activity. 

Activation of the Retinoblastoma Tumor Suppressor Pathway. We 

previously reported that there is a marked increase in the levels 
of the hypophosphorylated form of pl05 Rb in E2-arrested cer- 
vical carcinoma cells, presumably due to reduction in 
proteosome-mediated degradation, as well as a reduction in the 
amount of the hyperphosphorylated form (34, 38, 44). Here, as 
shown in Fig. 4 Left, we used immunoblotting to examine the E7 
protein and the Rb family members P 105 Rb , pl07 and P 130 at 
various times after infection. A reduction in E7 protein expres- 
sion was clearly evident by 12 h after infection, in parallel with 
the decrease in HPV E6/E7 RNA level. By 18 h after infection, 
there was an abrupt and dramatic induction of the level of 
hypophosphorylated pl05 Rb that increased until 24 h and per- 
sisted throughout the course of the experiment. In addition, at 
later times, hyperphosphorylated pl05 Rb disappeared, an effect 
likely due to the decline in cdk activity. Induction of hypophos- 
phorylated pl05 Rb before the reduction in the hyperphospho- 
rylated form was observed in multiple independent experiments. 
pl07 was induced with similar kinetics as that observed for 
hypophosphorylated pl05 Rb , but at later times the level of pl07 
dropped to that found in proliferating HeLa cells. pl30 was 
induced more gradually than pl05 Rb or pl07, with a significant 
increase only evident by 24 h, and the level of pl30 remained 
elevated. The reciprocal expression of pl07 and pl30 correlates 
with a shift from cellular proliferation to a nonproliferative state 
in other systems as well (e.g., see citations in ref. 44). 
If the increase in the. abundance of the Rb proteins as 
. infection proceeded was due to posttranslational stabilization 
as a consequence of the disappearance of the E7 protein, then 
the amounts of Rb family member mRNA are predicted not to 
increase. In support of this model, there was little increase m 
pl05 Rb , pl07, or pl30 mRNA at any time after E2 expression 
(Fig. 4 Right). In contrast, the decline in pl07 levels at later 
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Fig. 5. Northern analysis of E2F-responsive genes. HeLa ceil RNA was pre- 
pared at the indicated hours after mock-infection or E2 infection. After 
electrophoresis and transfer, E2F1, cyclin A, cdc25A. and ubiquitin mRNA were 
detected by hybridization to the appropriate radiolabeled cONA probe. 

times was due to a reduction in the amount of pl07 mRNA as 
infection proceeded. 

Rb family members exert their effects in large part by regu- 
lating the activity of E2F transcription factors, which themselves 
regulate the expression of genes involved in cell cycle progres- 
sion. Here, we examined the time course of mRNA expression 
for four E2F-regulated genes, pl07, cyclin A, E2F1, and cdc25A 
(3, 4, 45). In response to E2 expression, the level of these four 
mRNAs underwent a dramatic reduction, first evident at 18 h 
after infection with the E2 virus [Fig. 4 (pl07) and Fig. 5], and 
the corresponding proteins underwent a similar reduction in 
amount [Fig. 3 Inset (cyclin A), and Fig. 4 (pl07); data not shown 
for cdc25A and E2F1]. The repression of these E2F responsive 
genes in the same time frame as the induction of hypophosphor- 
ylated pl05 Rb strongly suggest that repression was due to a 
common, Rb-mediated mechanism. Elsewhere, we show that 
E2-induced repression of cdc25A expression in cervical carci- 
noma cells was mediated by increased formation of E2F4/Rb 
complexes that bound to an E2F site in the cdc25A promoter 
(44). Taken together, these results demonstrated that the in- 
duced pl05 Rb and pl30 proteins formed complexes with E2F 
family members and repressed a panel of E2F-regulated cell 
cycle regulatory genes. 

These results suggest that the following sequence of events, 
occurred in the Rb pathway (Fig. 6). Reduction in HP VI 8 E7 
expression caused the stabilization of Rb family members, 
resulting in a ppsttranscriptional increase in their intracellular 
concentration. The increased concentration of pl05 Rb and pl30 
caused the assembly of E2F/Rb transcriptional repressor com- 
plexes, which bound to E2F sites located in the promoters of 
E2F-responsive genes required for cell cycle progression (45), 
resulting in their transcriptional repression. The repression of 
E2F-regulated genes also instituted positive feedback loops that 
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Fig. 6. Model for the growth regulatory pathway activated by the E2 
protein. See text for details. 
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reinforced the growth inhibitory signal and ensured that growth 
inhibition was maintained. First, E2Fl-mediated activation of 
genes required for S phase progression was reduced. Second, 
because E2F1 and p!07 were absent from the cell, pl05 Rb /E2F4 
and pl30/E2F4 complexes were more likely to form. Complexes 
containing these Rb and E2F family members have potent 
transcriptional repressor activity in nonproliferating cells (46- 
50). Finally, because both cyclin A and cdc25A stimulate cdk 
. activity (51), their absence, together with the p53-mediated 
induction of p2i, is predicted to impair cdk-mediated phosphor- 
ylation of pl05 Rb at the d/S boundary. The sequential induc- 
tion of pl05 Rb followed by Rb-mediated repression of E2F- 
responsive genes that encode cdk activators may provide an 
explanation for the finding that levels of hypophosphorylated 
pl05 Rb rose before the reduction in the level of the hyperphos- 
phorylated form. 

Role of HPV E6/E7 Repression in Activation of the Rb Pathway. 

Francis et ai (41) previously reported that the E2-induced 
reduction in HeLa cell colony formation was impaired by 
constitutive expression of the HPV16 E6 and E7 genes, but 
cellular regulatory components were not examined in these 
experiments. Here, we assessed the effect of constitutively 
expressed HPV16 E6/E7 on the acute cellular and biochemical 
response to the E2 protein. All seven cell clones generated by 
infection with the empty retrovirus vector showed high level 
inhibition of DN A synthesis after introduction of the E2 gene, 
whereas the clones generated by infection with the HPV16 
E6/E7 retrovirus displayed varying amounts of E2-resistant 
DNA synthesis (Fig. 7 Top; and R. DeFilippis & D.D., 
unpublished results). The incomplete protection of HeLa cells 
from the E2 protein may reflect suboptimal expression of 
HPV16 E6 and E7 from the heterologous promoter. A rep- 
resentative control cell clone and two clones generated by the 
HPV16 E6/E7 retrovirus were selected for biochemical anal- 
ysis. As expected, expression of the E2 protein caused > 99% 
reduction in the level of endogenous HPV18 mRNA (Table 1), 
In contrast, the transduced HPV16 E6/E7 genes were not 
repressed. E2-mediated induction of hypophosphorylated 
pl05 Rb and loss of hyperphosphorylated pl05 Rb were severely 
impaired in cells constitutively expressing HPV 16 E6/7 com- 
pared with control cells (Fig. 7 Middle), In addition, E2- 
induced repression of cyclin A (Fig. 7 Bottom), and cdc25A 
(data not shown) was largely eliminated. We conclude that 
repression of HPV E6/E7 expression is required for E2- 
mediated induction of hypophosphorylated pl05 Rb and repres- 
sion of E2F-responsive genes in HeLa cells. 

Implications. These results have several important implications. 
First, E6/E7 repression clearly preceded growth inhibition and 
was required for efficient E2-induced growth inhibition and 
for acute activation of the Rb pathway and repression of 
E2F-responsive genes. In addition, the earliest biochemical 
changes we have detected in cell cycle components, the 
posttranscriptional increase in p53, pl05 Rb , and pl07 levels,, 
can be simply explained by the loss of the E6 and E7 proteins, 
which otherwise target these tumor suppressor proteins for 
accelerated proteosome-mediated degradation. Thus, al- 
though numerous events drive the malignant conversion of 
cervical carcinoma cells, E6/E7 expression appears to. be 
continuously required to maintain their proliferative state. 
Second, the response of the cell cycle machinery to E6/E7 
repression is complex and dynamic, demonstrating that exam- 
ination of cellular physiology at a single time point can be 
misleading: Third, the cellular response can be explained by 
the known regulatory circuits comprising the p53 and Rb 
tumor suppressor pathways, strongly suggesting that these two 
major tumor suppressor pathways are functionally intact in 
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Fig. 7. Effect of HPV1 6 E6/E7 expression on the acute response to the E2 
protein. Cell lines derived from individual clones of cells infected with 
control retrovirus (LXSN) or HPV16 E6/E7 retrovirus were analyzed. (Top) 
DNA synthesis by the indicated cell lines was measured by incorporation of 
tritiated thymidine 48 h after infection with the E2 virus, expressed as the 
percentage of DNA synthesis by each clone after mock-infection. (Middle) 
Expression of p105 Rb in the indicated cell lines after mock-infection or 1 day 
after infection with the E2 virus. (Bottom) Expression of cyclin A in the 
indicated cell lines after mock-infection or 1 or 2 days after infection with 
the E2 virus. 



HeLa cells. Although these aneuploid cells express viral 
proteins that induce genetic instability, and they have accu- 
mulated numerous genetic aberrations during their progres- 
sion to a malignant carcinoma, this underlying regulatory 
machinery is intact. Finally, the E2 protein reactivates these 
dormant tumor suppressor pathways in an orderly fashion, 
resulting in the transmission of multiple reinforcing signals 
that converge on the repression of E2F-responsive genes 
required for entry into S phase. Thus, a surprisingly simple 



Table 1. Repression of HPV18 mRNA in cells constitutively 
expressing HPV16 E6/7 mRNA 

% of modk* 



HPV18E6/E7 



HPV16E6VE7 



LXSN-4 
HPV16 E6/7-D 
HPV16 E6/7-N 



0.4 
1.0 
0.8 



NA* 

98.2 
220 



*HPV E6/7 mRNA prepared 24 h after infection with the E2 virus was measured, 
by Northern blotting, normalized, and expressed as the percentage of the 
signal from mock-infected cells. The average of two different experiments is 
shown. 

T NA, not applicable. 
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genetic manipulation is sufficient to mobilize this regulatory 
machinery and impose a cell cycle block. 

Unlike most cancers, in which the brakes on cell growth are 
broken, in HeLa cells the driver is asleep. Expression of the E2 
protein is sufficient to wake up the driver and impose growth 
control Our results suggest that other manipulations that inhibit 
the expression or activity of the HPV E6 and E7 proteins will 
have a similar effect. Thus, the integrity of tumor suppressor 
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pathways in cervical cancer cells may provide a unique target for 
therapy. 
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VIRUSES IN HUMAN CANCERS (EXCEPT PAPILLOMAVIRUSES) 

In 1964 Epstein and colleagues reported the demonstration of he ? rpesvirus-like 
particles in human lymphoblasts derived from a Burkitt's lymphoma. This virus 
was subsequently designated Epstein-Barr virus (EBV). It has been established as 
the causative agent of infectious mononucleosis (Henle et a!., 1968) and has been 
linked to Burkitfs lymphoma and nasopharyngeal cancer by seroepidemiologicai 
(Henle and Henle, 1966; Old et al., 1966), molecularbiological (zur Hausen et al., 
1970), and in case of BurkhTs lymphoma, also by prospective studies (de The et 
al., 1978). In addition, numerous studies on in vitro transformation (Henle et al., 
1967) and induction of lymphoproliferation in vivo (Epstein et al., 1973; Shope et 
al., 1973) support its potential role as an oncogenic virus. 

Thus, 1964 marks the starting point of active research in human tumorviruses. 
Although today there exists ample evidence for a role of EBV in at least EBV- 
positive Burkitt's lymphomas and in nasopharyngeal cancer, the mechanism of its 
contribution to oncogenesis is still poorly understood. 

During the 1970s, evidence accumulated for a role of hepatitis B virus (HBV) 
infections in primary hepatocellular carcinoma (reviewed in Essex et al., 1980). A 
number of epidemiological studies, most impressively a prospective study by 
Beasley et al. (1981), hinted to a role of persistent HBV infections in human liver 
carcinogenesis. Molecular biological analyses revealed the presence of HBV 
deoxyribonucleic acid (DNA) in a varying percentage of biopsies (reviewed in 
Essex et al., 1980). Moreover, animal models with closely related hepadnavi- 
ruses, particularly in woodchucks, permitted the clear-cut demonstration of induc- 
tion of liver cancer as a consequence of persistent hepadnavirus— viremia (Sum- 
mers et al., 1978; Marion et al., 1980; Mason et al., 1980). 

Although infection early in life and persistent viremia appear to predispose to 
liver cancer of humans 30 to 50 years later, the mode of virus-host cell interaction 
in liver carcinogenesis is presently not understood. 

In 1980 (Poiesz et al., 1980) Gallo and co-workers described a new human 
pathogenic retrovirus, HTLV-I, which was subsequently shown to be linked to 
adult T-cell leukemia (Hinuma et al., 1981). Viral DNA is found in the majority 
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of leukemia patients; seroepidemiology is supportive of a role of this infection in 
the endemic form of T-cell leukemia, and in vitro studies as well as animal experi- 
ments stress the oncogenic potential of HTLV-I (reviewed in Gallo et al 1987) 
Again long latency periods appear to exist between primary infection and leuke- 
mia development (zur Hausen, 1986), and the majority of infected individuals will 
never develop leukemia. 

A crude estimation of latency periods for tumor development after primary 
infection with the respective viruses should be in the order of 20 to 50 years in 
nasopharyngeal cancer, primary hepatocellular carcinoma, and adult T-cell leuke- 
mia (zur Hansen, 1986). Only Burkitt's lymphoma is exceptional. Here an aver- 
age period of 3 to 12 years may be calculated (de Tte et al., 1978). In all these 
infections the vast majority of infected individuals will never develop the respec- 
tive form of cancer, and those who will, reveal a monoclonal pattern of tumor 
growth (reviewed in zur Hausen, 1986). ' 



PAPILLOMAVIRUSES IN HUMAN CANCERS 

Observations on a rare conversion of genital warts into squamous cell carcino- 
mas of vulva and penis date back into the previous century (reviewed by zur 
Hausen, 1977b). They were not commonly interpreted as being related to an 
infectious event, although the infectious nature of warts was recognized in 1907 
when Ciuffo induced warts after autoinoculation of cell-free wart extracts 

^In 1922 Lewandowsky and Lutz described a rare hereditary condition, epider- 
modysplasia verruciformis, characterized by atypical warts covering large areas of 
the skin.At light-exposed sites these warts may convert into squamous cell carci- 
nomas. The infectious nature of these warts was demonstrated by Jablonska and 
colleagues (1972), again in self-inoculation experiments. 

«vJ n ,936 „ Ba, ,f and Kor P fcs y. « w ° Hungarian pathologists, published a book 
Warzen, Papillome und Krebs" (Warts, Papillomas and Cancer). They tried to 
establish a relationship between specific types of cancers and certain types of 
warts occurring in their autopsy material. 

The development of molecular biology, the application of hybridization tech- 
niques, and molecular cloning paved the way for a new era in papilloma research 
and for the role of viruses in inducing these lesions. These approaches were badly 
needed in view of our inability to grow human papillomaviruses (HPV) in tissue 
culture or to transfer them to suitable animal hosts. 

The first nucleic acid hybridizations attempting to find HPV in human malig- 
nant tumors were performed with complementary ribonucleic acid (cRNA) ob- 
, ™ m P a P i,Iomavi ™s DNA isolated from plantar warts (zur Hausen et al., 
1974). In the retrospective, not surprisingly, they were all negative. The demon- 
stration of heterogeneity of the plantar wart viruses (Gissmann and zur Hausen, 
1976) and of the plurality of human wart virus types (Gissmann et al., 1977- Orth 
et al., 1977) permitted a more detailed approach. Orth, Jablonska, and co-workers 
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TABLE 1 . Human papillomavirus (HPV) types found in human skin tumors 



Type 



No. 



References 



Epidermodysplasia 
verruciformis 


HPV 5 
HPV 8 
HPV 10 
HPV 14 
HPV 17 


21/28 
5/28 
1 tumor only 
1 tumor only 
1 tumor only 


(Orth, 1986) 
(Orth, 1986) 
(Green etal., 1982) 
(Orth, 1986) 
(Yutsudo etal, 1985) 


Squamous celt carcinoma 
of the skin 


HPV 16 
HPV 41 

HPV 48 


1/10 
4/32 

1 tumor only 


(Pfister, 1987a) 

(Grimmel et al., 1988; E.-M. de 
Villiers et ah, unpublished data) 

(L. Gissmann et al., 
unpublished data) i 


Basaloma 


HPV 20 


1/44 


(Y. Kawashima et al., 
unpublished data) 


Melanoma 


HPV 38 


1 tumor only 


(Scheurten et al., 1986a) 



HPV types, e.g., HPVs 6, 11, 16, or 18, reveal a clear-cut preference for the 
genital tract and only exceptionally infect the nongenital skin. On the other hand, 
they are occasionally found in proliferations of the oral mucosa and most notably 
in laryngeal papillomatosis (Gissmann et al., 1982; Mounts et al., 1982; de Vil- 
liers et al., 1985). 

Virus production seems to be lower in proliferations linked to these infections at 
nongenital sites, which may be in part responsible for the obvious prevalence of 
these infections at genital localizations. 

TABLE 2. Human papillomavirus (HPV) types found in anogenital cancer 



Types 


References 


Remarks 


HPV 6 
HPV 11 


Gissmann et al., 1983 
Boshart and zur Hausen, 1986 


Closely related viruses mainly found 
in genital warts, only rarely in 
cancer 


HPV 10 


Green etal., 1982 


Usually found in flat warts 


HPLV51 


Nuovoetal., 1988 


Related to HPV 26 


HPV 16 
HPV 31 
HPV 33 


Durst etal., 1983 
Lorincz et al., 1986 
Beaudenon et al. v 1987a 


These viruses appear to form one 
subgroup of agents related to the 
prototype HPV 16 


HPLV18 


Boshart etal., 1984 


HPV 1 8 more frequently found in 
adenocarcinomas 


HPLV45 


Nagashfar et al., 1 987 


HPV 45 is related to the HPV 18 _ 
prototype 
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TABLE 3. tapapta^ 

oral mucosa and the respiratory tract 




Oral mucosa 



Larynx 



Lung 



HPV2 
HPV16 



HPV16 

HPV18 
HPV 30 

HPV 16 
HPV6 



de Villiers et al., 1985 

Loninget aL, 1985 

de Villiers etaL, 1985 

E.-M. de Villiers, unpublished data 

Scheurten et ah, 1986b 
Brandsmaet al. t 1986 
T. Kahn et al., unpublished data 
Kahn et al., 1986 

Stremlau et al., 1985 
Byrne etal., 1987 
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m u™,thou7 a 7 ^ ^ f ° Und geniteI sites or *e oral 
mucosa, although a few except.ons are evident (de Villiers et al., 1985- E -M de 
Vilhers et al., unpublished observations). 

durin^h^H Cipa - ,Cd ^ ,h L. number of types will increase substantially 

menclature of HPVs (Coggm and zur Hausen, 1979), which is based on the de- 
gree <>f cross-hybndrzation with prototype DNAs. It is evident already Jay Lt a 

^liSTiS ** "TP*" into specific sub ^ £ Ltl 

2^2 nf * " P^^onic features. 

(see^Sws ST ,987 a r S T** ^ ****** » diffcre ^»g cells 
1^1, , ' 98?b; ZUf HaUSen and Sc hncider, 1987). Proliferating cells 
of the basal layer contain HPV DNA, which appears to be barely active^ Trf HPV 
express,on. Apparently cellular factors down-reg^ate transcription ^tse "L 
Jh* down-regulation ,s released, however, when the cells migrate into Z Mto- 
en, t,ng , ay er and can no longer divide. Active transcription of early andtte 
vral sequences ,s ,n,t.ated, viral proteins are synthesized, and viral partide as- 
sembly ,s achieved in some of the superficial cells 

of^Zr^ ? V,n,S " hOSt interaCti ° n Pr ° bab,y rc P rcscnts ■» client adaptation 

sl^WK y f dan8 T S Path ° genS ,0 th6ir ^ and P rotects *e host against pi 
sibly lethal effects of persisting viral infections. ^ 



PAPILLOMAVIRUSES IN PREMALIGNANT 
GENITAL PROLIFERATIVE DISORDERS 

BolS P 1 ^ 610 " 5 P™ ,ife ^ons of external genital sites are penile or vulvar 
SS^«^JTJ?'^ ,y desi S"^ d Penile intraepitSial neoplasia 
icLrisL^ , " ,rae P^ ne ' ,a, ne °P ,asia < V1N >. They reveal the histologica£har- 
actenst.cs of an advanced dysplasia with nuclear atypias and little or no ko^o- 
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sis. At internal genital sites they find their correlate in cervical intraepithelial neo- 
plasias (CINs) or similar lesions of the vaginal epithelium (VAIN) (see review 
Gross, 1987). 

Cervical intraepithelial neoplasia, and most notably PIN and VIN regularly 
contain HPV 16 sequences (Ikenberg et al., 1983; Gissmann et ah, 1984; Obalek 
et al., 1985). HPV 16 DNA is specifically prevalent in lesions with marked nu- 
clear atypia Md an aneuploid karyotype (Crum et al., 1984). Cervical dysplasias 
with less pronounced changes are more frequently associated with HPV 6 and 11 
infections. 

Although there exists some variation in data published on HPV presence in 
premahgnant lesions, there seems to exist a basic agreement that the vast majority 
uoffl?! P recancerous conditions are linked to specific HPV infections and that 
HPV 16 is a prime candidate for an etiological role. j 

More recently it became apparent that a relatively high percentage of HPV- 
infected individuals escapes conventional . screening methods for cytological or 
kolposcopical alterations. This was first noted by Steinberg et al. (1983) who de- 
tected HPV 6 DNA in laryngeal tissue during clinical remission. This has been 
confirmed for the genital tract by Ferenczy et al. (1985) and in a large study in- 
volving approximately 10,000 patients by de Villiers et al. (1987) The latter 
study revealed that 10% to 12% of patients without cytological or kolposcopical 
abnormalities in the age groups 20 to 50 years showed evidence of genital HPV 
infection by using a filter in situ hybridization detection assay. In postmenopausal 
women this percentage declined to approximately 4%. A study conducted in preg- 
nant women by using the same clientele resulted in close to 30% of positive iden- 
tifications (Schneider et al., 1988). Because it is unlikely that during pregnancy 
additional HPV infections will be acquired, these data probably point to an in- 
creased HPV production during this period. This is in line with the demonstration 
of a hormone-responsive element in the noncoding region of genital HPVs re- 
acting with dexamethasone and progesteron (Gloss et al., 1987- von Knebel- 
Doebentz et al., 1988; H. U. Bernhard, personal communication). Thus, the find- 
ing of 10% to 12% positive women probably is a substantial underestimation of 
the real rate of infections. This is further supported by repeated analyses of the 
same women studied three times within a period of 3 years. Of those women, 
■J4% had at least one positive smear during this period (E.-M. de Villiers per- 
sonal communication). 

These as well as additional observations (L. Gissmann and A. Schneider un- 
published data) strongly suggest that fluctuation in virus production is the most 
hkely reason for differences in virus positivity. In addition they stress that genital 
HPV infections must be extremely common in the sexually active population at 
least in one-third of the studied German individuals. 

Moreover, a recent study in a high risk area for cancer of the cervix in Green- 
land and a relatively low risk region in Denmark did not reveal significant differ- 
ences in HPV positivity of both populations (Kjaer et al. , 1988) 

All these data stress the ubiquity of HPV infections that occur in all geographic 
regions of the world studied so far (see review, zur Hausen and Schneider, 1987) 
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tJf *JT iS ,. SPread CXtreme,y Cff,denUy by 86X1,31 contacts and if a high propor- 
cZ^1lT C ***** ™ lnfeCted ' h0W «*W " then «4£2Ti 
m .1 "P"^ geographic differences in HPV positivity contrasts 
remarkably with geographic differences in cancer of the cervix^see pZ^TZ 



DO SPECIFIC HPV TYPES CAUSE GENITAL PRECANCEROSES? 

diso^e^*ffii,i rela t nShiP ° f HPV infeCti0DS to Poignant 
disorders is difficult to assess. These viruses cannot be transmitted to laboratory 

t,SSUC CU,tUre SyStCmS f ° r ^ve ^ 

graft^tml a folt„ WaS ^ * ^ "* C ° ,,CagUeS (,985 > »»etero- 
granea human foreskin, cervix, or laryngeal tissue beneath the renal caosule 

fllTT C ^ Peten, " Ude mke - UndCr conditions epSernTrc^ 

it^fe r ges a,! s^sse 2 

^rtswnild cervical dysplasias, or laryngeal papillomatosis. Viral particles cm be 

Tme^Tf if Pn> • feRl ^ 0nS ™ d haVC bee " USCd for «W« inE£7£ 
S changes (Kreider et al., 1985; D. Callahan et al., un- 

^SZ^^x^S^i ,t ,S T** 10 demonstrate convincingly the 
iZZr . . u ^ induc,IOn of ****** Papillomatous proliferations 
Unfortunately, the system works so far exclusively with the HPV11 sSnftat 

srs^/^-^r have made » ^-Kriirs^t 

reTon i ^ I ^ U P to "<>" they have remained unsuccessful. The 
ThPV iTmu^H f" 6 ^ 16 ex P ,anation -V be the selection of a speci- 
•L^ JoL?2? '"duces proliferative changes in the nude mouse moll, 
wnereas other strains appear to be unable to do so. There exists however no ex 
penmental support for this assumption at present ' 

na ,« ^ aPPn>aCh t0 ,CSt bi0,0gicaI consequences of HPV infections origi- 
nates from m m transformation studies. This has been extensively usTinT 

1987). These BPVs efficiently transform rodent cells 

foZT 1 P ? i,,0mavin,s tyPC 8 tumed out to be more difficult in rodent cell trans- 
format^ First reports on transformation of C 127 cells by HPV 5 JdWT?l 

C rl 7 o r "IT"" V aPPeaR T HPW 1 15 Wry inefficient in formation of 
was als^ 1 7 y Ce,k (Ch ° W 61 - - 1986) - A tnmsformed phenotype 

JSo^s r, iSo5 of ,hc same cei,s wah ' Hpv 6 ° r 11 ™ St ™* 

effStiTirSr Vin,S 'l^ ^ ""^ 3150 HPV 18 turned out to be nISre 
cdk uS Pr ^• r ^ C " t Ce,,S m vitro md in inunortalizing even human 

cells under similar conditions. Yasumoto et al. (1986) reported tumorigenic tran^ 
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formation of murine cells (N1H 3T3) by HPV 16 transfection, observations soon 
confirmed in other laboratories. Tsunokawa et al. (1986) isolated HPV 16 DNA 
from transformed foci after transfecting N1H 3T3 cells with DNA from HPV 
16-containing cervical cancer biopsies. Interestingly, Matlashewski et al (1987) 
observed an synergistic effect of HPV 16 transfection with H-ras in malignant 
transformation of primary rat cells. The relative ease of these transformations 
point to a specific activity of HPV 16 in inducing such changes, 

Immortalization of human keratinocytes derived from the foreskin was achieved 
by HPV 16-transfection (Durst et ah, 1987; Pirisi et al., 1987). Pirisi et al. also 
reported immortalization of human fibroblasts by HPV 16 transfection. These data 
have recently been extended to HPV 18 transfections, basically yielding similar 
results. 

Immortalized human keratinocytes retain integrated HPV 16 or 18 sequences 
which are transcriptionally active. The transcripts have not yet been carefully Ana- 
lyzed. It appears that in each transformation event the E6-E7 open reading frames 
(ORFs) are continuously transcribed, although message from additional ORFs is 
obviously also present (Durst et al., 1987; Pirisi et al., 1987; M. Durst et al., un- 
pubhshed results). In remarkable contrast to BPV-induced transformation of ro- 
dent cells in which E5 has been identified as the major transforming region in 
HPV 16 and 18 infections E6 and E7 appear to be of dominant importance, most 
likely E7 codes for the major transforming protein (Bedell et al., 1987). 

Thus, all available observations stress the regular transcription of E6, E7 ORFs 
in HPV 16- or 18-transformed rodent cells or immortalized human keratinocytes 
or fibroblasts. 

Although at least three different proteins coded by E6 and E7 ORFs have been 
identified (Banks et al., 1987; Oltersdorf et al., 1987; Seedorf et al 1987- 
Schneider-Gaedicke et al., 1988), their role in transformation or immortalization 
remains to be established. 

Human papillomavirus 1 6-transfected and immortalized human keratinocytes 
quickly change to an aneuploid karyotype (Durst et al., 1987). This appears to be 
correlated by in vivo observations of HPV 16 DNA found preferentially in lesions 
with aneuploid karyotypes (Crum et ah, 1985). Although this feature is shared 
with cervical cancer cells, HPV 16 or 18 immortalized primary human cells are 
apparently generally nontumorigenic in nude mice (Durst et al., 1987; Pirisi et al., 
1987; M. Durst et al., unpublished observations). This seems to be a basic differ- 
ence in comparison to malignant cells from anogenital cancers. 

The mailable data clearly show that HPV 16 and 18 are able to induce prolifer- 
ative changes in infected cells: malignant transformation in rodent cells, immortal- 
ization in vitro of specific human cells. Moreover, genetic activity of the E6-E7 
ORFs is required for the induction of these proliferations. The ceils quickly be- 
come aneuploid, yet they are nontumorigenic. 

-These experimental results do not strictly prove the causation of V1N, PIN 
GIN, and VAIN by HPV infections. In view of the remarkable similarities'of the 
m yttro responses to the m vivo lesions [persistence of viral DNA, expression of 
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messenger ribonucleic acid (mRN A) -specifically of E6, E7, induction of aneu- 
ploidy v nontumorigen ic phenoty pe] ,- it is very likely that they are indeed caused by 
the respective -HP V types . " 

This is further supported by epidemiological studies pointing to a high preva- 
lence ofLsimilar lesions in current sexual partners of women with GIN containing 
the same, type of HPV (©balek et al.; 1985; Gross; 1987; McGance and Singer, 
1986). 

Therefore we appear to be close to a statement that the obligatory precancerous 
lesions for anogenital cancer (at least in their vast majority) are caused by specific 
HPV infections. If HPV infectibri fc^ 

this viral mfcction per definitionem must play a role in the induction of the respec- 
tive malignant- tumors. 

Our understanding of an HPV role in the premalignant changes does pot neces- 
sarily imply insight in the mechanism of HPV latency in symptom-free carriers; 



PAPILLOMAVIRUSES IN ANOGENITAL CANCER 

The regular presence of HPV DNA in cancers of the cervix, vulva, and penis or 
in perianal and anal cancers has been repeatedly reviewed (e.g., Gissmann, 1984; 
Pfister, 1987a; zur Hausen and Schneider, 1987). Biopsies obtained from primary 
or metastatic tissue most frequently contain HPV 16 sequences or HPV DNA re- 
lated to HPV 16 (HPV 31 , 33, 35, 39). It appears at present that 50% to 70% of 
all tumors are positive for these viruses. HPV 18 is less frequently found and, 
combined with closely related types (HPV 45), may account for 20% of additional 
tumors. Interestingly this virus type is more frequently found in adenocarcinomas 
of the cervix than HPV 16 (Tase et al., 1988), stressing again some host cell spec- 
ificity of certain HPV types. 

Cell lines derived from cancer of the cervix are particularly suited for the analy- 
sis of HPV presence because they do not contain additional nontumorous tissue. 
The analysis of such lines revealed an interesting prevalence of HPV 18 sequences 
in such lines. Apparently HPV 18-positive cells become more readily established 
in tissue culture than those containing other types of HPV (Boshart et al., 1984; 
Schwarz et al., 1985; Tsunokawa et al., 1986; Yee et al., 1985). Almost 50% of 
all lines analyzed thus far contain HPV 18 DNA (HeLa, SW 756, C4-I, and C4-UX 
two contained HPV 16 DNA (Caski and SiHa) and four were negative in early ex- 
periments (ME-180, C33A, MSP, and A431). Yeeet al. (1985) reported HPV 18. 
DNA in ME-180 cells, which has not been found in our experiments. A recent 
revaluation of HPV DNA in ME-180 cells revealed, however, the presence of 
HPV 18-related sequences that probably belong to a new type of HPV. A detailed 
analysis of this DNA is presently being performed (E. Schwarz and H. zur Hau- 
sen , unpublished data) . 

Similarly, MSP and C33A cells appear to contain HPV sequences only distantly 
related to HPV 16 or 18, whicrr requires further characterization. The 431 line has 
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been originally isolated from a carcinoma of the vulva and so far has remained 
negative. Thus, all cell lines derived from cancer of the cervix seem to contain 
HPV sequences, stressing again the regular presence of HPV in these malienan- 

cies. b 

In numerous studies it has been observed that HPV DNA in cervical cancer 
biopsies and in cell lines derived from these tumors regularly persists in an inte- 
grated state (Boshart et al. t 1984; Durst et al., 1985; Pater and Pater 1985- 

m^ 3 ^ 1 ,985; YeC Ct al ' ,985; Matsukur * « ah, 1986; Baker' et al.,' 
1987). This appears to contrast the situation of premalignant lesions (Durst et al 
1985) that have been reported to contain preferentially nonintegrated episomai 
^ va,,dlt y of statements is presently difficult to assess. The clonal 
nature of cervical carcinomas (Lehn et al., 1985) renders it easy to study integra- 
tional events. If premalignant lesions contain integrated sequences without clpnal 
patterns, they would be difficult to detect by the methodology used so far. r 

Specific chromosomal sites of HPV integration have not yet been detected Al- 
though two lines (HeLa and C4-I) contain HPV 18 sequences integrated in chro- 
mosome 8 close to the c-myc site (Durst et al., 1987; Mincheva et al., 1987) all 
other lines studied as well as primary tumors reveal other chromosomal loci of in- 
tegration. The presently available data do not support the concept of specific chro- 
mosomal domains for viral DNA integration. 

It may be, however, of considerable significance that the viral ring molecule 
appears to be opened at a specific site in the course of integration. The vast major- 
ity of integrated molecules analyzed thus far are opened within the 3'-end of the 
El or the 5'-end of the E2 ORFs (Pater and Pater, 1985; Schwarz et al , 1985- 
Yee et al., 1985; Matsukura et al., 1986; Baker et al., 1987). In a number of cell 
lines the downstream E2, E5 sequences are deleted, clearly pointing to their dis- 
pensability for cell transformation. 

The regularity of HPV 16 or 18 integration in the 3'-end of EI or the 5'-end of 
E2 suggests a functional role of this event for the maintenance of the proliferative 
phenotype. A possible explanation originates from studies on E2 functional activ- 
ity in BPVs (Spalholz et al., 1985; DiMaio et al., 1986; Cripe et al 1987- 
Haugen et al., 1987; Hirochika et al., 1987; Lambert et al., 1987; Phelps and 
Howley, 1987; Thierry et al., 1987). TTiese analyses showed a transaction of 
the BPV noncoding transcriptional regulatory element by the E2 protein. A trun- 
cated form of the E2 protein, however, represses the same regulation. Therefore it 
is possible that the failure of this intragenomic transregulation contributes to the 
uncontrolled proliferative phenotype of the respective cells. 

It is, however, unlikely that integration in a critical region of the HPV 16 or 18 
genomes per se is sufficient to account for the malignant phenotype. This can be 
readily derived from cell fusion experiments of HeLa cells with normal human 
keratinocytes or fibroblasts (Stanbridge, 1976). Under these conditions the hybrids 
retain the integrated HPV 18 sequences (Schwarz et al., 1987), yet their malignant 
phenotype becomes suppressed (Stanbridge et al., 1982). Thus, the role of HPV 
mtegrational events for malignant prpliferation remains to be elucidated. 

Human papillomavirus transcription is regularly noted in HPV-positive carci- 
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controlling the expression of persisting tumor virus genomes (zur Hausen'^?"? 



12 



PAPILLOMAVIRUSES AS CARCINOMA VI R USES 



PAPl 



Cancer was speculated to arise from a failing control of cellular genes regulating 
persisting viral genomes. This model has been expanded (zur Hausen, 1980) and 
specifically adapted to human anogenital cancer (zur Hausen, 1986). 

Based on these speculations it has been assumed that normal proliferating cells 
regulate transcription of early HPV genes, whereas cervical cancer cells should 
lack this type of control. The mode! recently found experimental support by three 
different approaches: 

1. As described by Stanbridge (1976), HeLa-normal cell hybrids no longer in- 
duce tumors in nude mice. The nontumorigenic phenotype of these hybrids re- 
mains relatively stable and only loss of chromosomes from the normal donor may 
result in malignant segregants. The Stanbridge group provided convincing experi- 
mental evidence for a tumor-suppressing function localized on human <ihromo- 
some No. 11 (Saxon et al., 1986). 

Based on these studies, the presence of HPV DNA and its rate of expression 
was studied in HeLa-normal cell hybrids and malignant segregants were obtained 
therefrom and compared to the parental line (Schwarz et al., 1987; Rosl et al., 
1988). No significant differences were noted under in vitro conditions. The non- 
malignant hybrids, however, revealed a substantially higher degree of HPV 
DNA methylation in comparison to malignant segregants and the HeLa parental 
line (Rosl et al., 1988). Speculating on regulation of specific cellular genes by 
methylation, analysis of HPV transcription was performed after treatment of these 
cells with 5-aza-cytidine (5-Aza-C). The data revealed selective suppression of 
HPV transcription in nontumorigenic hybrids after 5-Aza-C treatment, whereas in 
HeLa cells and malignant segregants HPV transcription remained unaffected (Rosl 
et al., 1988). This down-regulation was blocked by cycloheximide, pointing to the 
involvement of labile proteins in the regulation of HPV transcription in the hybrid 
cells. Nuclear run-oh experiments demonstrated the effective inhibition of HPV 
RNA transcription at the level of initiation. Other reference genes, e.g., c-myc, 
erb-B, f$-actin, and ribosomal ribonucleic acid (rRNA), were not affected. Inter- 
estingly, in vitro HPV- 16 immortalized human keratinocytes revealed a similar 
down-regulation of HPV transcription after 5-Aza-C treatment, whereas other 
cervical carcinoma cell lines in addition to HeLa did not show an effect. Nonma- 
iignant hybrids and in v/rro-immortalized cells were concommitantly growth-in- 
hibited by 5-Aza-C, in marked contrast to the malignant lines. 

These results endorse the concept of a cellular interfering factor (C1F) control- 
ling HPV transcription in growing cells in vivo, but apparently not or to a signifi- 
cantly lesser extent in vitro (zur Hausen, 1977a, 1980, 1986). A putative humoral 
factor seems to stimulate ClF-gene expression in vivo, which appears to be miss- 
ing in tissue culture. 5-Aza-C apparently activates C1F genes, probably by induc- 
ing demethylation. The C1F genes are functionally inactive and probably stnictur- . 
ally modified in carcinoma cells. 

2. The model permits another prediction: Introduction of HPV 18 sequences in 
nontumorigenic hybrids under the control of a different regulatory element that re- 
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some geographic variation. In fact, the eventual outcome of malignant growth ap- 
pears to be specifically determined by additional factors that modify host cell 
genes, although prevention of HPV infections would most likely result in preven- 
tion of cancer of the cervix. 



THE ROLE OF ADDITIONAL FACTORS IN 
ANOGENITAL CARCINOGENESIS 



For more than 20 years the role of herpes simplex vims (HSV) infections in 
anogenital cancer has been discussed (see review, zur Hausen and Schlehofer, 
1987). Besides a number of seroepidemiological studies that point to a higher rate 
of infections with HSV-2 in patients with cancer of the cervix, experimental sup- 
port for this theory remains poor. Viral DNA has not been consistently found in 
cervical cancer biopsies or the respective precursor lesions, and no reproducible 
assay for transformation or immortalization of human cells by partially inactivated 
HSV has been recorded until today. Partially inactivated HSV is, however, able to 
transform rodent cells in vitro and to induce chromosomal aberrations in a number 
of different cell types (Hampar and Ellison, 1961; Duff and Rapp, 1971). 

Recent studies may point the way out of this dilemma and may reconcile sero- 
epidemiological observations on HSV association with cervical cancer with the 
discussed role of HPV in this condition (zur Hausen, 1982): Chemical and physi- 
cal carcinogens commonly induce two types of reactions in host cell DNA — 
mutations as well as amplifications of specific DNA sequences (see review, zur 
Hausen and Schlehofer, 1987). 

Speculating that HSV infections may mediate changes analogous to chemical 
and physical carcinogens, it was analyzed whether HSV infections lead to muta- 
tions in host cell DNA and to selective DNA amplification. Indeed, induction of 
mutations in host cell DNA has been noted (Schlehofer and zur Hausen, 1982; 
Pilon et al., 1985). Similarly, HSV infections lead to significant amplification of 
integrated SV 40 sequences in Chinese hamster and human cells (Schlehofer et 
al., 1983). 

Moreover, recent experiments demonstrated the amplification of episomal BPV 
DNA in BPV-transformed rodent cells following HSV infection or treatment of 
the cells with chemical carcinogens (J. Schmidt, J. R. Schlehofer, and H. zur 
Hausen, unpublished data). 

Thus, infection with (preferentially partially defective) HSV may interact with 
persisting HPV infections in two directions: by mutating specific host cell genes 
and destroying the intracellular surveillance for HPV transcription, or by ampli- 
fying persisting HPV genomes (zur Hausen et al., 1984). The latter may lead to 
an increase in the target cell pool of HPV-carrying cells and therefore increase the 
risk for malignant conversion. 

There exists evidence that other viruses of the herpesvirus group shai&these 
properties with HSV (R. .Heilbronn and H. zur Hausen, unpublished observa- 
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twns). Human cytomegalovirus may represent another interesting candidate virus 
in this respect. It should be emphasized, however, that direct support for this con- 
cept is still lacking. In fact, a large prospective study on the role of HSV in cancer 
of the cervix failed to provide supportive data (Vonka et ah, 1984). 

During the past 10 years substantial evidence has accumulated stressing the role 
of smoking in the etiology of cancer of the cervix (see reveiw, Peto and zur Hau- 
sen, 1986). Most studies reveal a moderately increased relative risk in heavy 
smoker?. Major constituents of tobacco inhalates, e.g., nicotine and cotinine, ap- 
pear to be concentrated in the vaginal fluid (Hoffmann et ah, 1985). The latter 
may be converted into carcinogenic nitrosamines in the presence of specific bacte- 
rial infections. Therefore, chronic infections may contribute to the generation of 
carcinogenic compounds; they may also generate mutagenic metabolites in their 
own metabolic pathway. The high prevalence of cervical cancer in tropical and 
subtropical countries may indeed be due in part to chronic inflammator/events re- 
sulting in mutagenic metabolites. 

This is particularly supported by epidemiological characteristics of cancer of the 
perns, which is rather frequent in countries with poor hygienic conditions and in 
noncircumcized men with phimosis (reviewed in zur Hausen, 1977b). Circumci- 
sion and the absence of chronic infections appear to provide the best protection 
against cancer of the penis without protecting against HPV infections. Again the 
cancer rate appears to be determined by these relatively undefined cofactors, 
although penile cancer seems to contain the same HPV types as cancer of the 
cervix. 

The chemical factors and mutagenic metabolites should contribute to carcinoma 
development analogous to mechanisms discussed for HSV infections either by 
modifying CIF genes or by amplifying persisting episomal HPV DNA. Prelim- 
inary data from tests analyzing random samples of vaginal mucus for DNA-ampli- 
fying activity suggest that almost 10% of these samples induce amplification of 
SV 40 sequences in SV 40-transformed Chinese hamster cells (J. R. Schlehofer, 
and H. zur Hausen, unpublished results), 

A third group of compounds implicated in cervical carcinogenesis is represented 
by oral contraceptives and hormones (reviewed in Peto and zur Hausen, 1986). 
Long-term contraceptive users appear to have a slightly elevated risk for cancer of 
the cervix. These observations today may find an unexpected interpretation: the 
demonstration of a hormone-responsive element in the noncoding region of genital 
HPVs (Gloss et al., 1987; H. U. Bemhard, personal communication) reacting af- 
ter dexamethasone and progesterone treatment could point to the mechanism. It is 
likely that specifically progesterone stimulation will lead to increased virus pro- 
duction and probably also to enhanced proliferation of viral DNA carrying cells. 
Both events should result in an enlarged target cell pool of HPV-positive cells and 
therefore increase the risk of malignant conversion. 

The observed hormonal HPV stimulation probably also accounts for the high 
rate of HPV demonstrations in pregnant women (Schneider et al., 1987). High 
levels of progesterone should lead to increased virus production. 
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It appears today that differences in hygiene, in the rate of other infections lead- 
ing to mutagenic metabolites, and in exposure to specific hormones probably re- 
sult in the geographic differences of anogenital cancer incidence. They may be 
readily accessible for epidemiological approaches. The resulting dysregulation of 
the underlying HPV infections seems to be more difficult to assess in view of the 
apparent ubiquity of these agents. 

VERRUCOUS CARCINOMAS AND 
BUSCHKE-LOWENSTEIN TUMORS 

Buschke and Lovvenstein (1925) described a specific type of tumor of the geni- 
tal tract that they characterized as a highly differentiated verrucous carcinoma that 
grows mvasively, rarely metastasizes, and macroscopically reveals features of a 
hpv' n°M / ^ acumina,um - A numb <* <>f these tumors have been analyze* for 
™J (G.ssmann et al., 1983; Boshart and zur Hausen, 1986; Randall et al., 
1986). AH of them either contained HPV 6 or 1 1 DNA. In one instance a meta- 

hpva SmaT StUdiCd (Randa " 61 aL ' ,986) ' a S ain the of 

HPV 6 DNA. In contrast to cancer of the cervix, these tumors seem to contain 
exclusively ep.somal viral DNA. It appears that some of the viral DNAs persist- 
ing in these tumors exhibit a rearranged noncoding region (Randall et al 1986 
Boshart and zur Hausen, 1986). The molecular mechanisms leading to invasive 
growth in these tumors are not understood. It is remarkable that it is so consis- 
tently associated with HPV 6 or 11 infections. Indeed, the highly differentiated 
squamous cell carcinomas showing the verrucous phenotype appear to be the only 
malignant tumors linked with HPV 6 or 1 1 that are otherwise consistently found in 
genital warts (condylomata acuminata). Malignant conversion of genital warts ob- 
viously is an extremely rare event in view of the frequency of HPV 6 and II 
infections (see review, zur Hausen, 1977b). At present no cell lines derived 
from such tumors are available that may permit a detailed analysis of intracellular 
regulations. 



CARCINOMAS OF THE SKIN IN PATIENTS WITH 
EPIDERMODYSPLASIA VERRUCIFORMIS 
AND IN OTHER PATIENTS 

Papillomaviruses in patients with epidermodysplasia verruciformis have been 
extensively reviewed (Orth, 1986, 1987) and are discussed in another chapter of 
this volume. It has been of considerable importance to demonstrate the presence 
of specific HPV types, most notably of HPV 5, in carcinomas arising in these pa- 
tients (Orth et al., 1978). Two key observations may contribute to the understand- 
mg of the pathogenesis of malignant tumors arising in these patients. First is the 
recorded hereditary pattern (Midana, 1949; Bilancia, 1961; Lazzaro et al., 1966; 
Lutzner, 1978); in one family only male members have been affected (Androphy 
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Besides genetic predisposition and environmental factors, impaired cellular 
.mmime functions have been recorded in some patients with epidermodysplasia 
verruciformis (see review, Orth, 1987). 

It is tempting to speculate that cancers in epidermodysplasia verruciformis pa- 
tients may arise by a similar mechanism as outlined for anogenital cancer The 
underlying-defect may result from one defective OF allele, which should be dif- 
ferent from C1F genes controlling genital HPVs. This should result in a higher 
susceptibility to HPV infections controlled by this cellular locus. It is interesting 
in this respect that epidermodysplasia verruciformis patients appear to be highly 
susceptible to at least 20 different HPV infections, all of them showing some de- 
gree ot relatedness with each other, whereas more distantly related HPV types do 
not occur at increased frequency in these patients (see review, Orth 1987) 

The development of carcinomas in those CIF heterozygotes should then only 
depend on two events: the uptake of a high risk viral genome (HPV 5, 8, etc ) 
and the acquisition of a functional damage of the healthy CIF allele in a viral DNA- 
harbonng cell. This would explain the comparatively shorter average latency pe- 
riod of cancers arising in these patients after the onset of benign disease (Lutzner, 
1978) and the frequently multifocal development of these cancers (Rueda and 
Rodnguez, 1976; Lutzner et al., 1985). The black skin of Africans seems to pro- 
vide some protection against cancer development (Lutzner et al 1 985) 

Again a lack of suitable tissue culture systems has hampered a molecular analy- 
sis of events leading to cancer development in epidermodysplasia verruciformis 
patients. 

Viruses found in malignant lesions of those patients are barely or not at all 
found ,n skin cancers developing in other patients. This may point to an immuno- 
logical control of those viruses in healthy individuals and an additional defect in 
this control in epidermodysplasia verruciformis patients. 

This is supported by occasional findings of HPV 5-positive squamous cell car- 
C ! n °mo S c? , Sk ' n ' n immunosu PPressed organ transplant recipients (Lutzner et 
al. 1985). It appears unlikely that immunosuppression is the sole defect in epider- 
modysplasia verruciformis patients in view of the selectivity of their susceptibility 
to specific HPV infections. It may, however, be linked to the postulated CIF 
modifications. 

Recently four out of 32 (12.5%) of squamous cell carcinomas of the skin in 
otherwise healthy individuals were found to contain HPV 41 DNA (Grimmel 
et al., 1988; E.-M, de Villiers et al., unpublished data). HPV 41 probably repre- 
sents a member of a new subgroup of papillomaviruses and is very distantly re- 
lated to all other known members of this group. It will be interesting to search for 
new types of HPV DNA in additional biopsies of squamous cell carcinomas of the 
skin and in basalomas. Both types of tumors are clearly linked to sunlight expo- 
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sure. Here a physical factor may interact with cells canying persistent papilloma- 
virus infections. 



CANCERS OF THE RESPIRATORY TRACT, ORAL MUCOSA AND 
ESOPHAGUS AND THEIR RELATIONSHIP TO HPV INFECTIONS 

Epidemiological observations suggest an increased risk for lung cancer in pa- 
tients hysterectomized for cancer of the cervix in the first 5 years following hys- 
terectomy (reviewed in zur Hausen, 1977b). Based on these observations it has 
been speculated ",f cervical cancer were related to condyloma vims infection 
consideration of cancer of the oral cavity, the lung, and the bladder should be in^ 
eluded in such a discussion" (zur Hausen, 1977b). 

i At Y^-*?? iS 35 yCt Iittk SUpP ° rt availabIe Aat cou,d Point to a general 
role of HPV infections in lung cancer. One HPV 16-positive tumor has befn ana- 
lyzed by Stremlau et al. (1985) developing in a 63-year-old female patient 9 years 
alter hysterectomy for cancer of the cervix. More recently Byrne et al (1987) re- 
ported a well-differentiated squamous cell carcinoma of the lung containing HPV 
6 sequences, reminiscent of a similar patient published by Ikenberg and colleagues 

Syrjanen started investigations on the role of HPV in bronchial squamous cell 

S^Sfl" 1 1 u 79 . rep0rted moi P hol °g ical ^idence for HPV involvement in 
67 of 220 bronchial squamous cell carcinomas (Syrjanen, 1980). The same group 
reported the presence of HPV DNA in five of 99 carcinoma biopsies by using in 
^ hybridisations with a mixed probe of HPV 6, 11, 16, 18, and 30 DNA 
(Syrjanen and Syrjanen, 1987). 

Clearly there exists no convincing evidence at present to link HPV infections 
with bronchial carcinomas. On the other hand the sporadic finding of DNA of 
Known HPV types m a small percentage of such tumors may encourage further 
search for possibly specific HPV types adapted in the course of evolution to the 
epithelium of the respiratory tract. Systemic studies on the existence of such vi- 
ruses have been barely undertaken. In view of the plurality of virus types found in 
*e genital tract and the skin, it would be surprising if there exists no specific 
HPV subgroup adapted to the respiratory mucosa. Their evaluation should be of 
high significance and could lead to the understanding of the genetic mechanism of 
tobacco-hnked lung cancers. We are postulating a similar mechanism for these 
cancers as discussed for anogenital cancers, resulting from persisting HPV infec- 
tions and the modification of host cell genes by chemical factors. This hypothesis 
may find further support by a recent publication reporting the loss of heterozygos- 
ity for deletions in the short arm of chromosome 1 1 in 41% of 41 biopsies from 
lung cancer patients (Shiraishi et al., 1987). The same locus is suspected to play a 
role m cancer of the cervix (Saxon et al., 1986). 

Similarly, cancers of the larynx and the oral mucosa may represent good candi- 
dates for an HPV etiology. Several of these tumors have been reported to contain ' 
Alienees (see review, zur Hausen and Schneider, 1987), all of them types 
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founilnN once flf "T ° F ^ " PV 30 sole «ce P tion 

found only once in a laryngeal carcinoma (Kahn et al., 1986). At least two addi- 

T. T^T* ^ beai CXdUSive, y found in * e <** ^cosa: HPV O (Pfister 

Ihif ^ Crc agam Careful ana,ysis of HPV in add *i°nal lesions will 

probably result ,„ the demonstration of additional virus types. Some of them 
pose a substantial risk for malignant conversion, speSy when intenc^g 
wuh other carcmogenic factors such as tobacco smoke ingredients 

Cancer of the esophagus may be another candidate for HPV etioloev as first 
suggested by Syrjanen (1982), who demonstrated HPV structural pSsl Z 
esophageal squamous cell carcinoma. Although a number of morphological 
vanons suggests the presence of HPV infections in esophageal *iL£*£ZL 

presence of HPV DNA in.some carcinomas (Kulski et al., 1986), the role of HPV 
"rfecnons ,n these tumors remains to be clarified. Clearly, a representative HPV 

StifiS I "* infCCting * e m -o- 'as not Z 

btntll" T S ; h * ° f si 8 nificance ' however, that such viruL hive 
been found ,n cattle (see rev,ew, Jarrett, 1985). Here they obviously play a role m 
*e mduction of esophageal cancer, linked in addition to the ingest of bracLn 
Sogy eS ° Pta8eal Cai,Cer re P resent anoiher good candidate for an HPV 



OUTLOOK AND CONCLUSIONS 

c.S? PaSt feW , yCarS SpeCifiC ^ 0f P a P»lomaviruses emerged as prime 
2 V 7 et, ° ,0gy ° f COmm ° n human Cancere - At !««-. almost iSTf 

£ r k °n ir cancer b r den appcare to * Hnked to hpv infectio - ° f 

the skin, oral mucosa, larynx, lung, and esophagus should be included papillo- 
mav.ruses would represent one major factor in human carcinogenesis ' ' 

None of these virus infections appears to be directly carcinogenic Thev all 
seem to requ.re additional modifications of host cell genes, probacy rned^ted by 
chemical or physical carcinogens or by other virus inLions At 1^11 
"al cancer infectton by specific types of HPV seems to be a necessary Z Z suf- 
ficent factor for the development of carcinomas 

tenWiri!? 16 data WOrWwide Cff0rtS in HPV ^cation and charac- 

tenzation. mey warrant, in addition, intervention studies aiming at the prevention 
of these infections or at therapeutic interference. P"=venuon 

an!!!* °fP a P i,lomav »™ses are carcinomaviruses provided they find the 

appropriately modified intracellular environment. 
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Headnotes 



PATENTS 



1 . Paten tability/Valid ity - Subj ect matter (§ 1 1 5.05) 

Board did not err in finding that in vitro utility disclosed in foreign priority application is 
sufficient to establish practical utility under 35 USC 101. 
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2. Patentability/Validity - Subject matter (§ 1 15.05) 

Rigorous correlation of pharmacological activity between disclosed in vitro utility and in vivo 
activity is not necessary where disclosure of pharmacological activity is reasonable based upon 
probative evidence. 



3. Patentability/Validity — Specification — Claim adequacy (§ 115.1109) 

35 USC 112 "how to use" requirement is satisfied, despite failure of disclosure to reveal dosages 
for novel compound per se, those skilled in art having had sufficient information at critical date 
to determine dosage for desired pharmacological activity. 

Particular patents — Imadazole Derivatives 

Iizuka, et al., application, Imidazole Derivatives, award of priority over Cross et al, application, 
N-(Phenoxyalkyl) Imidazoles as Selective Inhibitors of the Thromboxane Synthetase Enzyme 
and Pharmaceutical Compositions Thereof, affirmed. 



Case History and Disposition: 



Page 740 



Appeal from Patent and Trademark Office Board of Patent Interferences. 

Patent interference No. 100,650, between Peter E. Cross, et al., application, Serial No. 
95,755, filed Nov. 19, 1979, and Kinji Iizuka, et al., application, Serial No. 68,365, filed Aug. 21, 
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1979. From decision awarding priority to party Iizuka, party Cross, et al. appeals. Affirmed. 

Attorneys: 

Rudolf E. Hutz, and Connoly, Bove, Lodge & Hutz, both of Wilmington, Del. (Thomas M. 
Meshbesher, Wilmington, Del., on the brief) for appellants. 

Peter D. Olexy, and Sugrue, Mion, Zinn, MacPeake & Seas, both of Washington, D.C. 
(Thomas J. MacPeak, Washington, D.C, on the brief) for appellees. 



Judge: 

Before Kashiwa, Bennett, and Bissell, Circuit Judges. 

Opinion Text 

Opinion By: 

Kashiwa, Circuit Judge. 

This appeal is from the decision of the United States Patent and Trademark Office (PTO) Board 
of Patent Interferences (Board) awarding priority on the single phantom count to Iizuka, et al. 
(Iizuka), the senior party. We affirm. 

Background 

Interference No. 100,650 was declared on 20 April 1981 between application serial No. 68,365, 
for "Imidazole Derivatives," filed by Iizuka on 21 August 1979 and application serial No. 95,755, 
for "N-(Phenoxyalkyl) Imidazoles as Selective Inhibitors of the Thromboxane Synthetase 
Enzyme and Pharmaceutical Compositions Thereof," filed by Cross, et al. (Cross) on 19 
November 1979. The single phantom count of the interference is directed to imidazole 
derivative compounds and reads as follows: 
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A compound selected from the group consisting of an imidazole derivative of the formula 



wherein R is a hydrogen atom or an alkyl group having 1 to 6 carbon atoms, each of A \ or A 2, 

which may be the same or different, are alkylene having 1 to 8 carbon atoms, m is 0 or 1, X is 
oxygen or sulfur, and each of R \or R 2, which may be the same or different, is a hydrogen atom 

or an alkyl group having 1 to 6 carbon atoms; R 3 is H, C \-C 4alkyl, C j-C 4alkoxy or halogen; 

and the pharmaceutically acceptable salts thereof. 1 

The applications of Cross and Iizuka both disclose inventions directed to imidazole derivative 
compounds which inhibit the synthesis of thromboxane synthetase, an enzyme which leads to the 
formation of thromboxane A 2(TXA 2) 2 a highly unstable, biologically active compound which 

is converted to stable thromboxane B 2by the addition of water. Thromboxane A 2, as of the 
time period during which the applications were filed, was postulated to be a causal factor in 
platelet 



aggregation. 3 Platelet aggregation is associated with several deleterious conditions in 
mammalia, including humans, such as platelet thrombosis, pulmonary vasoconstriction or 
vasospasm, inflammation, hypertension, and collagen-induced thrombosis. 
Pursuant to 37 C.F.R. §1.23 1(a)(4). each party moved to be accorded the benefit of a foreign 
priority application under 35 U.S.C. § 1 19, Cross claiming priority based upon a British 
application filed 13 December 1978, and Iizuka claiming priority based upon a Japanese 
application filed 21 August 1978. Each party opposed the motion of the other party, each party 
contending that the other party's foreign priority application did not comply with the disclosure 
requirements of 35 U.S.C. §112. 
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The primary examiner granted each party's motion, noting that the utility alleged in each 
application was of a pharmacological nature, i.e., the inhibition of thromboxane synthetase, and 
that inasmuch as the single phantom count of the interference was directed to a compound, it was 
not necessary that utility be established by tests and dosages with respect to human beings. The 
examiner found that one of ordinary skill in the art would know how to use the imidazole 
derivatives, i.e., be able to determine specific dosages, for biological purposes. Based upon the 
filing dates of the foreign priority applications, 4 Iizuka was declared the senior party and a show 
cause order was issued against Cross. 

Cross requested a final hearing on the issue of the sufficiency of the Japanese priority application 
of Iizuka, and moved for a testimony period to present evidence on this issue. A testimony 
period was granted over the opposition of Iizuka, and Cross took the testimony of his expert 
witness, Dr. Smith, and Iizuka took the testimony of his expert witness, Dr. Ramwell and also 
preferred several exhibits pursuant to 37 C.F.R. §1.282. All testimony and exhibits related to the 
sufficiency of Iizuka f s Japanese priority application, i.e., whether it complied with the disclosure 
requirements of 35 U.S.C. §112. 

Decision of the Board 

The Board noted that the sole issue before it was whether Iizuka was entitled to the benefit of his 
Japanese priority application. 5 Relying on In re Bundy, 642 F.2d 430, 209 USPQ 48 (CCPA 
1981), and Nelson v. Bowler, 626 R2d 853, 206 USPQ 881 (CCPA 1980), the Board held that 
tests evidencing pharmacological activity may manifest a practical utility even though they may 
not establish a specific therapeutic use. The Board found that the Japanese priority application 
disclosed pharmacological activity in the similar activity of the imidazole derivatives of the count 
to imidazole and 1-methylimidazole, which possess an inhibitory action for thromboxane 
synthetase, and that practical utility was disclosed in the strong inhibitory action for thromboxane 
synthetase from human or bovine platelet microsomes, i.e., an in vitro utility. 6 
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The Board further found that the Japanese priority application disclosed M how-to-use !l knowledge 
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directed to the practical utility in a microsome system, and that microsome assays were 
admittedly known in the art. A skilled worker could determine the relative strength of the 
imidazole compounds of the count vis-a-vis the known parent imidazole and 1-methylimidazole 
compounds for use in the microsome assay milieu. Knowledge of the pharmacological activities 
of compounds is beneficial to the medical profession, and requiring Iizuka to have disclosed in 
vivo dosages in the Japanese priority application would delay and frustrate researchers by failing 
to provide an incentive for early public disclosure of such compounds, thereby failing to further 
the public interest. 

Accordingly, the Board held that the Japanese priority application contained an adequate 
how-to-use disclosure for the practical utility stated therein. 

Issues 

Whether the Board erred in finding that the utility disclosed in the Japanese priority application is 
sufficient to meet the practical utility requirement of 35 U.S.C. §101 . 

Whether the Board erred in finding that the Japanese priority application contained sufficient 
disclosure to satisfy the enablement, i.e., how-to-use, requirement of 35 U.S.C. §112. 7 

Opinion 

Proper resolution of the issues before this court necessitates that we address, seriatim, the 
following questions: (1) What utility is disclosed by the Japanese priority application? (2) Does 
this stated utility comply with the "practical utility" requirement of 35 U.S.C. §101, as delimited 
by prior decisions of the judiciary? 8 (3) Does the Japanese priority application contain sufficient 
disclosure to meet the how-to-use requirement of §1 12 with respect to the stated utility? 
It is axiomatic that an invention cannot be considered "useful," in the sense that a patent can be 
granted on it, unless substantial or practical utility for the invention has been discovered and 
disclosed where such utility would not be obvious. Brenner v. Manson, 383 U.S. 519, 148 USPQ 
689 (1966). Where a constructive reduction to practice is involved, as contrasted to an actual 
reduction to practice, a practical utility for the invention is determined by reference to, and a 
factual analysis of, the disclosures of the application. Kawai v. Metlesics, 480 F.2d 880, 178 
USPQ 158 (CCPA 1973). 
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1 . Japanese Priority Application 

The Board factually analyzed the Japanese priority application and found that the only effective 
disclosure relating to a stated utility for the imidazole derivative compounds of the phantom 
count was the following: 

are useful for treatment of inflammation, thrombus, hypertension, cerebral apoplexy, asthma, etc. 
Up to this time, it is a known fact that imidazole and 1-methylimidazole posses an inhibitory 
action for thromboxane synthetase and inhibit a biosynthesis of thromboxane A 2- 

(Prostaglandins, Vol 13, pages 61 1-1977). However, since their inhibitory effect is not 
satisfactory one, these compounds have not been put to practical use yet as therapeutical 
medicines for diseases caused by thromboxane A 2, such as inflammation, hypertension, 

thrombus, cerebral apoplexy, asthma, etc. 

To develop some compounds possessing a strong inhibitory action for biosynthesis of 
thromboxane A 2, the present inventors devoted themselves to study for various imidazole 

derivatives, and as a result, found that the compounds [of this invention] possess a strong 
inhibitory action for 
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thromboxane synthetase from human or bovine platelet microsomes and are extremely useful as 
therapeutically active agents for diseases caused by thromboxane A 2, for example, 
inflammation, hypertension, thrombus, cerebal apoplexy, asthma, etc., and thus were proposed 
this invention based upon those findings. 

The imidazole derivatives * * * of this invention are novel compounds which are not described 
in literature, and which possess a strong inhibitory action for thromboxane synthetase from 
human or bovine platelet microsomes, and which exhibit a strong inhibitory action for 
biosynthesis of thromboxane A 2in mammalia including human. In general, a satisfactory 

inhibitory effect is found at a level of molar concentrations of 2.5 x 10 ~ 8 , for example, 
2-[p-(l-imidazolylmethyl)phenoxy]-acetic acid hydrochloride produce the about 50% inhibitory 
effect at the molar concentrations of 2.5 x 10 A Accordingly, the imidazole derivatives of this 
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invention are extremely useful as therapeutical medicines for diseases caused by thromboxane A 
2, such as inflammation, hypertension, thrombus, cerebral apoplexy, asthma, etc. 
The Board found that these pertinent sections of the Japanese priority application disclosed some 
activity or utility, namely that the imidazole derivative compounds of the count possess a strong 
inhibitory action for thromboxane synthetase in human or bovine platelet microsomes. Cross 1 
position is that the stated purpose or sole comtemplated utility of the invention of Iizuka is to 
provide a novel class of compounds which provide "practical use" as "therapeutical medicines for 
diseases caused by thromboxane A 2" and therefore the Board erred in its finding as to the stated 
utility of the Japanese priority application. 

While recognizing that Kawai constrains an applicant to entitlement to the benefit of only what is 
disclosed in the foreign priority application and no more, we also recognize that foreign priority 
applications, as subsequently filed in the PTO, typically have a style and format dissimilar to the 
arrangement of application elements suggested by 37 C.F.R. § 1 .77. In part this arises because of 
differences in filing requirements in foreign patent offices, and in part because of the 
awkwardness resulting from direct literal translations from a foreign language to English. Thus, 
while the factual determination of the stated utility in an application prepared in the United States 
may be relatively straightforward, 9 the factual analysis of a foreign priority application to 
determine the utility disclosed therein may be more laborious and open to varying interpretations. 
The weakness of Cross 1 position is that a fair reading of the pertinent sections of the Japanese 
priority application as set forth above, discloses utility for the imidazole derivative compounds of 
the phantom count both as an inhibiting agent for thromboxan synthetase in human or bovine 
platelet microsomes, as found by the Board, and as therapeutically active agents preventing the 
biosynthesis of thromboxane A 2, thereby functioning as a medicine preventing deleterious 

conditions caused by thromboxane A 2, as contended by Cross. 

Evidence of any utility is sufficient when the count does not recite any particular utility. Nelson 
v. Bowler, 626 F.2d 853, 856, 206 USPQ 881, 883 (CCPA 1980). See also Rey-Bellet v. 
Englehardt, 493 F.2d 1380, 181 USPQ 453 (CCPA 1974); Knapp v. Anderson, 477 F.2d 588, 
177 USPQ 688 (CCPA 1973); Blicke v. Treves, 241 F.2d 718, 112 USPQ 472 (CCPA 1957). 
Here the Board, which is charged with the factual determination of utility, 10 has found that the 
specification of the Japanese priority application disclosed a utility for the imidazole derivative 
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compounds of the phanton count in the inhibition of thromboxane synthetase in human or bovine 
platelet microsomes. Inasmuch as the Board is charged with making this factual determination 
when the issue is raised, inasmuch as they have so done in the instant case, and inasmuch as there 
is credible evidence to support this factual determination, we are not prepared to say that the 
Board erred in its 
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finding as to the stated utility disclosed in the Japanese priority application. 

2. Practical Utility 

As noted in the preceding part of this opinion, Cross has contended that the Board erred in its 
finding as to the utility disclosed in the Japanese priority application. This argument may be 
viewed in a different perspective, we believe, which is that the stated utility in the Japanese 
priority application, as found by the Board — the inhibition of thromboxane synthetase in human 
or bovine platelet microsomes 1 1 — is not sufficiently correlated to a pharmacological activity 12 
to be a practical utility. In other words, Cross may be arguing that the minimum acceptable level 
of utility disclosed in an application claiming a compound having pharmacological activity must 
be directed to an in vivo utility in order to comply with the practical utility requirement of §101. 
The starting point for a practical utility analysis is Brenner v. Manson, 383 U.S. 519, 148 USPQ 
689 (1966). The Court in Brenner noted that "a simple, everyday word ["useful," as found in 35 
U.S.C. §101] can be pregnant with ambiguity when applied to the facts of life." Id. at 529, 148 
USPQ at 693. While noting that "one of the purposes of the patent system is to encourage 
dissemination of information concerning discoveries and inventions," id. at 533, 148 USPQ at 
695, the Court found that a more compelling consideration in the determination of whether a 
patent should be granted "is the benefit derived by the public from an invention with substantial 
utility. Unless and until a process is refined and developed to this point — where specific benefit 
exists in currently available form ~ there is insufficient justification for permitting an applicant 
to engross what may prove to be a broad field." Id. at 534-35, 148 USPQ at 695. While we 
recognize that this case concerned a compound derived from a chemical process, we believe 
Brenner provides broad guidelines which are helpful in ascertaining what constitutes practical 
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utility for compounds having a pharmacological effect. 

In Nelson v. Bowley, 626 F.2d 853, 206 USPQ 881 (1980), our predecessor court, the Court of 
Customs and Patent Appeals, stated that "[kjnowledge of the pharmacological activity of any 
compound is obviously beneficial to the public" and concluded that "adequate proof of any such 
utility constitutes a showing of practical utility." Id. at 856, 206 USPQ at 883. 13 The tests 14 
found by the court to be adequate proof of pharmacological activity or practical utility were a rat 
blood pressure (BP) test and a gerbil colon smooth muscle stimulation (GC-SMS) test. The BP 
test was an in vivo test, which was deemed by the court to be direct evidence as to the claimed 
activity, while the GC-SMS test was an in vitro test. 15 

The CCPA in Rey-Bellet v. Englehardt, 493 F.2d 1380, 1383, 181 USPQ 453, 454 (1974), stated 
that where a count contains no limitation related to utility, evidence establishing a substantial 
utility for any purpose is sufficient to show a reduction to practice. The court held that three in 
vivo tests 16 conducted in the United States prior to the filing of Englehardt's U.S. application 
failed to establish an actual reduction to practice. The court proceeded, however, to find 
sufficient evidence in the record to establish that Englehardt had conceived a utility for his 
compound prior to the filing date of his U.S. application. The evidence the court found to be 
sufficient was testimony by the inventor that he believed his compound would exhibit a 
particular pharmacological activity because of its structural similarity to anther compound which 
was known to possess the particular pharmacological activity. The court 
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found that the testimonial evidence of Englehardt was corroborated by two exhibits entered into 
evidence. The evidence adduced by Englehardt was found by the court to be sufficient proof that 
Englehardt had conceived that his compound had utility for the particular pharmacological 
activity prior to his U.S. filing date. The court further noted that this was a completed conception 
of utility because it appeared that nothing beyond the exercise of routine skill would have been 
required to demonstrate that Englehardt's compound possessed the particular pharmacological 
utility. While noting that the actual testing done was not sufficient to establish an actual 
reduction to practice, the court found that the extensive testing done in vivo on animals was 
routine in nature and was not, therefore, to be construed as an indicator that extensive research, 
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i.e., inventive skill and/or undue experimentation, was required to resolve perplexing intricate 
difficulties related to the utilization of the compound for the particular pharmacological activity. 
The CCPA in Kawai v. Metlesics, 480 F.2d 880, 178 USPQ 158 (1973), concurred with the 
finding of the Board that the applicants had failed to prove that their foreign priority application 
was adequate under the patent laws of the United States. The only disclosure in the foreign 
priority application relating to the compound of the count was that it exhibited "pharmacological 
effects on the central nervous system," which the applicants conceded was an inadequate 
disclosure. The applicants, however, relied upon a patent made of record as indicative of the 
general knowledge of one skilled in the art, which the applicants contended described a 
compound closely related to their claimed compound, to show utility or pharmacological activity 
for the compound of the count as an anticonvulsant. The court agreed with the board that there 
were sufficient structural dissimilarities between the compounds of the patent and those of the 
count to preclude reliance on the patent to supplement the disclosure deficiencies of the foreign 
priority application. 

In Knapp v. Anderson, 477 F.2d 588, 177 USPQ 688 (CCPA 1973), the court, citing to Blicke v. 
Treves, 241 F.2d 718, 1 12 USPQ 472 (CCPA 1957), stated that "[i]t is well settled that if the 
counts do not specify any particular use, evidence proving substantial utility for any purpose is 
sufficient to establish an actual reduction to practice." Id. at 590, 177 USPQ at 690 (emphasis 
added). Noting that the only utility contemplated for the compounds of the count was as ashless 
dispersants in lubricant compositions used in internal combustion engines, the court found no 
error in the Board's holding that there was no actual reduction to practice because only a potential 
utility had been established, this holding based upon the Board's finding of a lack of correlation 
between bench tests and actual service conditions in a combustion engine. 
The CCPA has held that nebulous expressions, such as "biological activity" or "biological 
properties," disclosed in a specification convey little explicit indication regarding the utility of a 
compound. In re Kirk 376 F.2d 936, 941, 153 USPQ 48, 52 (CCPA 1967). But, while agreeing 
with the Board that the specification failed to disclose a specific allegation of utility for any 
compound within the scope of the claims, and that reference in the specification to biological 
properties of the claimed compound was so general and vague as to be meaningless, the court 
implied that a disclosure in the specification that the requisite properties of the claimed 
compounds are similar to those of a natural or synthetic hormone of known activity may, in 
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appropriate circumstances, supplement an application to rectify an inadequate disclosure relating 
to the practical utility for the compound. Id. at 942, 153 USPQ at 53. 
Every utility question arising in an interference, in the final analysis, must be decided on the 
basis of its own unique factual circumstances. Relevant evidence must be judged as a whole for 
its persuasiveness in determining whether the suggested use for the compound of the count is a 
practical utility. Cf. Nelson, 626 F.2d at 858, 206 USPQ at 885. 

The Board has found that the Japanese priority application of Iizuka disclosed a practical utility 
for the compounds of the phantom count in the inhibition of thromboxane synthetase in human or 
bovine platelet microsomes, i.e., an in vitro utility. Clearly, this stated utility as found by the 
Board has been delimited with sufficient specificity to satisfy the threshold requirements of 
Kawai and Kirk. The stated utility of the Japanese priority application is directed to a specific 
pharmacological activity possessed by the imidazole derivatives of the phantom count ~ the 
inhibition of thromboxane synthetase in vitro. Thus, this court on review is hot presented with a 
general allegation of "biological activity" or "biological properties" as was the CCPA in Kirk, nor 
is reliance on prior art required to ascertain what specific pharmacological activity the compound 
of the count possesses, the factual situation confronting the court in Kawai. 
The Japanese priority application, moreover, disclosed that it was generally known in the art, as 
of the critical date, that the parent imidazole and 1-methylimidazole compounds possessed an 
inhibitory action for thromboxane 
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synthetase. Reliance on this disclosure in the specification of the pharmacological property of 
the parent imidazole and 1-methylimidazole compounds, as going towards proof of the 
pharmacological activity of the imidazole derivatives of the phantom count, is particularly 
relevant in the instant case, we believe, because Iizuka is not relying on this inference to 
supplement an inadequate disclosure in the Japanese priority application regarding the 
pharmacological activity of the compound of the phantom count, but rather is relying on this 
inference as cumulative probative evidence showing an adequately disclosed practical utility in 
the Japanese priority application. 

This court, in Rey-Bellet and Kawai, has implied that a particular pharmacological activity 
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identified with prior art compounds may have probative value as to the fact that the compound of 
the count possesses this particular pharmacological activity where there is a structural similarity 
between the prior art compounds and the compound of the count. Rey-Bellet, 493 F.2d at 
1385-87, 181 USPQ at 456-58; Kawai, 480 F.2d at 890-91, 178 USPQ at 166-67. Cross has 
failed to proffer sufficient evidence or present any persuasive arguments going to the question of 
significant structural dissimilarities between the parent imidazole and 1-methylimidazole 
compounds and the imidazole derivatives of the phantom count. 17 

The expert of Iizuka, Dr. Ramwell, testified that, as of the critical date, there was an awareness 
on the part of those skilled in the art that the parent imidazole compound exhibited an inhibitory 
activity for thromboxane synthetase, in both in vitro and in vivo environments. Dr. Ramwell 
further testified that there was an awareness by those skilled in the art of a correlation between 
thromboxane A 2and platelet aggregation, namely that thromboxane A 2was a mediator in 
platelet aggregation. Several exhibits proferred by Iizuka corroborated Dr. Ramwell's testimony 
as to the general knowledge in the art with respect to the inhibitory effect of the parent imidazole 
compound for thromboxane synthetase. 18 Accordingly, the similar pharmacological activity of 
the parent imidazole and 1-methylimidazole compounds have probative value in the factual 
determination of practical utility for the compounds of the phantom count inasmuch as Cross has 
not met the burden of proof to establish structural dissimilarities between the parent imidazole 
and 1-methylimidazole compounds and the imidazole derivatives of the phantom count. 
Rey-Bellet, 493 F.2d at 1386-87, 181 USPQ at 457. 

The Board found that there was adequate proof that the Japanese priority application disclosed a 
pharmacological activity for the compounds of the phantom count in inhibiting the action of 
thromboxane synthetase, similar to the pharmacological activity of the parent imidazole and 
1-methylimidazole compounds which were found to possess an inhibitory action for 
thromboxane synthetase, this disclosed knowledge of the inhibitory 
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action of the prior art compounds having been corroborated by testimony and documentary 
evidence. During the proceedings before the Board, the burden of proof rested upon Cross to 
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show that the Japanese priority application was deficient. 37 C.F.R. § 1.257(a). On review, Cross 
bears the burden of proof to show that the Board erred in finding that the Japanese priority 
application had adequately disclosed a practical utility. Reviewing the relevant evidence 
presented to the Board as a whole, we are not persuaded that Cross has met this burden of proof. 
[1] The final question we must address is whether the inhibitory activity for thromboxane 
synthetase in human or bovine platelet microsomes, i.e., an in vitro utility, is sufficient to comply 
with the practical utility requirement of §101. Based upon the facts of this case, we are not 
persuaded that the Board erred in finding that the in vitro utility disclosed in the Japanese priority 
application for the compounds of the count is sufficient to establish a practical utility. 
Our predecessor court has noted that adequate proof of any pharmacological activity constitutes a 
showing of practical utility. See, e.g., Nelson, 626 F.2d at 856, 206 USPQ at 883; Rey-Bellet, 
493 F.2d at 1383, 181 USPQ at 454. Dr. Ramwell testified that initial testing of compounds for a 
particular pharmacological activity is typically done in vitro. In vitro testing permits an 
investigator to establish the rank order of compounds with respect to the particular 
pharmacological activity, i.e., to determine the relative potency of the compounds. Compounds 
having the highest ranking or potency are then selected for further testing in vivo. Presumably 
this is the accepted practice in the pharmaceutical industry inasmuch as Cross has not proferred 
any evidence refuting this testimony of Dr. Ramwell, and we note that this practice has an 
inherent logical persuasiveness. In vitro testing, in general, is relatively less complex, less time 
consuming, and less expensive than in vivo testing. Moreover, in vitro results with respect to the 
particular pharmacological activity are generally predictive of in vivo test results, i.e., there is a 
reasonable correlation therebetween. Were this not so, the testing procedures of the 
pharmaceutical industry would not be as they are. Iizuka has not urged, and rightly so, that there 
is an invariable exact correlation between in vitro test results and in vivo test results. Rather, 
Iizuka f s position is that successful in vitro testing for a particular pharmacological activity 
establishes a significant probability that in vivo testing for this particular pharmacological 
activity will be successful. 

As discussed above, Dr. Ramwell testified that the parent imidazole and 1-methylimidazole 
compounds had been subjected to both in vitro and in vivo testing as of the critical date, this 
corroborated by documentary evidence, and found to possess an inhibitory effect for 
thromboxane synthetase. Based upon this, Dr. Ramwell further testified that he would expect 
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that in vivo testing of the imidazole derivatives of the phantom count would show that these 
compounds also possessed an inhibitory action for thromboxane synthetase, i.e., there would be a 
reasonable correlation between in vitro test results and in vivo test results. This evidence was 
found sufficient by the Board as proof that the Japanese priority application had disclosed a 
completed practical utility for the imidazole derivatives of the phantom count in inhibiting 
thromboxane synthetase in human or bovine platelet microsomes. Cf. Rey-Bellet, 493 F.2d at 
1386-87, 181 USPQ at 457. 

[2] Cross argues that the in vitro utility disclosed by the Japanese priority application is not per se 
useful, and that more sophisticated in vitro tests, using intact cells, or in vivo tests are necessary 
to establish a practical utility. 19 Cross is arguing that there must be a rigorous correlation of 
pharmacological activity between the disclosed in vitro utility and an in vivo utility to establish a 
practical utility. We, however, find ourselves in agrement with the Board that, based upon the 
relevant evidence as a whole, there is a reasonable correlation between the disclosed in vitro 
utility and an in vivo activity, and therefore a rigorous correlation is not necessary where the 
disclosure of pharmacological activity is reasonable based upon the probative evidence. Cf. 
Nelson, 626 F.2d at 856, 206 USPQ at 883-83. 

Our predecessor court has accepted evidence of in vivo utility as sufficient to establish a practical 
utility. See, e.g., Nelson v. Bowler, 626 F.2d 853, 206 USPQ 881 (CCPA 1980); In re Jolles, 
628 F.2d 1322, 206 USPQ 885 (CCPA 1980); Rey-Bellet v. Englehardt, 493 F.2d 1380, 181 
USPQ 453 (CCPA 1974). 

Opinions of our predecessor court have recognized the fact that pharmacological testing of 
animals is a screening procedure for testing new drugs for practical utility. See, e.g., In re Jolles, 
628 F.2d 1322, 1327, 206 USPQ 885, 890 (CCPA 1980). This in vivo 
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testing is but an intermediate link in a screening chain which may eventually led to the use of the 
drug as a therapeutic agent in humans. We perceive no insurmountable difficulty, under 
appropriate circumstances, in finding that the first link in the screening chain, in vitro testing, 
may establish a practical utility for the compound in question. Successful in vitro testing will 
marshal resources and direct the expenditure of effort to further in vivo testing of the most potent 
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compounds, thereby providing an immediate benefit to the public, analogous to the benefit 
provided by the showing of an in vivo utility. Cf. Nelson, 626 F.2d at 856, 206 USPQ at 883. 
Today, under the circumstances of the instant case, where the Japanese priority application 
discloses an in vitro utility, i.e., the inhibition of thromboxane synthetase in human or bovine 
platelet microsomes, and where the disclosed in vitro utility is supplemented by the similar in 
vitro and in vivo pharmacological activity of structurally similar compounds, i.e., the parent 
imidazole and 1-methylimidazole compounds, we agree with the Board that this in vitro utility is 
sufficient to comply with the practical utility requirement of § 1 0 1 . 

3. Enablement 

The Board found that the knowledge as to the use of the pharmacological activity disclosed in the 
Japanese priority application lay in the fact that the system was a microsome system, microsome 
systems admittedly being known to those skilled in the art. Employing a microsome assay, the 
skilled worker could determine the relative strength of the compounds of the count vis-a-vis the 
known parent imidazole and 1-methylimidazole compounds. Thus, the dosage in the microsome 
assay milieu could be determined without inventive skill or undue experimentation. 
Since we have agreed with the Board that the practical utility for the imidazole derivatives of the 
phantom count lies in their pharmacological activity in the microsome environment, the 
how-to-use requirement of § 1 12 must be analyzed with reference to the microsome environment. 
We are confronted with a disclosure, similar to the situation before the court in Bundy, that fails 
to reveal dosages for the novel compounds per se. 642 F.2d at 434, 209 USPQ at 51. Although 
the Japanese priority application does disclose the fact that the imidazole derivatives of the 
phantom count possess a pharmacological activity similar to the parent imidazole and 
1-methylimidazole compounds, the priority application, unlike the application in Bundy, does not 
disclose dosages for the parent imidazole and 1-methylimidazole compounds. 
We agree with the Board, however, that this deficiency in the Japanese priority application is not 
fatal. The testimonial evidence of Dr. Ramwell, corroborated by certain documentary evidence, 
showed that those skilled in the art had available, at the critical date, information as to 
approximate dosage levels for the parent imidazole and 1-methylimidazole compounds to 
produce an I C5Qeffect, i.e., a 50% inhibition of thromboxane synthetase, in a microsome milieu. 
The objective of the pharmaceutical research undertaken by the parties was to discover imidazole 
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derivatives having a potent inhibitory effect for thromboxane synthetase. Therefore, we believe 
it is logical, as did the Board, that the starting point for determining I C50 dosa g e levels for the 
imidazole derivatives of the phantom count would be the I C5()dosage levels of the parent 
imidazole and 1-methylimidazole compounds. The Board found that there was sufficient 
credible evidence that one skilled in the art, without the exercise of inventive skill or undue 
experimentation, could determine the I C5Qdosage level for the imidazole derivatives of the 
phantom count in the microsome environment. Cf. Bundy, id., 209 USPQ at 5 1 . We do not 
believe the Board erred in arriving at this conclusion. This is not a case such as In re Gardner, 
427 R2d 786, 166 USPQ 138 (1970), where the CCPA held that the applicant's disclosure was 
nonenabling because inventive skill and undue experimentation would be required to discover 
approprite dosages for humans, i.e., a therapeutic use. In the instant case, we are confronted with 
a pharmacological activity or practical utility, not a therapeutic use. 
While we agree with the Board that the disclosure in the Japanese priority application is 
somewhat confusing with respect to the 2.5 x 10- 8 level of molar concentrations, and that the 
2-[p-(l-imidazolylmethyl) phenoxy] -acetic acid hydrochloride compound is outside the phantom 
count of the interference, this disclosed molar concentration, we believe, does provide some 
probative value going towards the sufficiency of the Japanese priority application for an enabling 
disclosure. The disclosed molar concentration would provide sufficient information as to an 
initial dosage level so that one skilled in the art could determine, without inventive skill or undue 
experimentation, the necessary molar concentrations for the imidazole derivatives of the phantom 
cOunt to achieve the desired pharmacological effect, i.e., the 50% inhibition of thromboxane 
synthetase in human or bovine platelet microsomes. 

Page 749 



[3] The Board held the disclosure of the Japanese priority application adequate to satisfy the first 
paragraph of §1 12. The burden is on Cross to show Board error in arriving at this conclusion, 
and we are not persuaded that Cross has successfully carried this burden. Accordingly, we are 
satisfied that the how-to-use requirement of § 1 1 2 has been complied with by the disclosures of 
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the Japanese priority application. 
Affirmed . 



Footnotes 



Footnote 1. We note a discrepancy, shown underlined in the above count, between the phantom 
count as set forth by the primary examiner and that reported by the Board in its decision. The 
phantom count set forth herein is the one propounded by the primary examiner. However, as will 
become apparent from the ensuing discussion, the substance of the phantom count is not crucial 
to resolution of the issues presented by this case. 

Footnote 2. The formation of TXA 2in an arachidonic acid challenge is a sequential process 
initiated by the conversion of arachidonic acid to postaglandin PGG 2by the action of 
cyclooxygenase, which adds oxygen to the acid. Peroxidase converts the prostaglandin PGG 2to 
prostaglandin PGH 2, which in turn is converted by thromboxane synthetase to TXA 2. 
Footnote 3. Iizuka's position is that, as of the "critical date" of his application, TXA 2was widely 
accepted in the art as causing platelet aggregation. Cross' position is that, as of the "critical date," 
platelet aggregation was believed to be nonspecific, i.e., platelet aggregation may occur in the 
presence of thromboxane synthetase, but thromboxane synthetase is not necessary for platelet 
aggregation. We note in retrospect that THE MERCK INDEX 1345-46 (10th ed. 1983) describes 
TXA 2as inducing irreversible platelet aggregation. More to the point, however, this court has 
noted that it is axiomatic that an inventor need not comprehend the scientific principles on which 
the practical effectiveness of his invention rests, nor is the inventor's theory or belief as to how 
his invention works a necessary element in the specification to satisfy the enablement 
requirement of 35 U.S.C. §112. Fromson v. Advance Offset Plate, Inc., 720 F.2d 1565, 1570, 
219 USPQ 1137, 1140 (Fed. Cir. 1983). 
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Footnote 4. Each party relies on the filing date of its foreign priority application to establish a 
constructive reduction to practice, the earliest date of invention to which each party is entitled 
under the patent laws of the United States. Kawai v. Metlesics, 480 F.2d 880, 885-86, 178 
USPQ 158, 162 (CCPA 1973). 

Footnote 5. More specifically, the issue before the Board was whether the Japanese priority 
application complied with the how-to-use requirement of 35 U.S.C. §1 12. Section 1 12 of Title 
35 provides, in pertinent part, that: 

The specification shall contain a written description of the invention, of the manner and process 
of making and using it, in such full, clear, concise, and exact terms as to enable any person 
skilled in the art to which it pertains, or with which it is most nearly connected, to make and use 
the same, and shall set forth the best mode contemplated by the inventor of carrying out his 
invention. (Emphasis added.) 

Should Iizuka's Japanese priority application be found nonenabling with respect to the 
how-to-use requirement of §1 12, or otherwise found deficient under the patent laws of the United 
States, priority would be awarded to Cross based upon his unchallenged entitlement to the benefit 
of his British application. 

Footnote 6. Generally, in vitro refers to an environment outside of a living organism, usually an 
artificial environment such as a test tube or culture. In contradistinction, in vivo generally refers 
to an environment within a living organism, such as a plant or animal, or it may refer to a 
particular portion of an organ external to the living organism, e.g., rat aortic loop. 
Footnote 7. Utility is a fact question. Raytheon Co. v. Roper Corp., 724 F.2d 951, 956, 220 
USPQ 592, 596 (Fed. Cir. 1983), cert, denied, 105 S. Ct. 127 (1984). Enablement under §112, 
paragraph 1, i.e., the how-to-use requirement, is a question of law. Id. at 960 n.6, 220 USPQ at 
599 n.6. 

Footnote 8. While questions one and two are closely connected, a thorough analysis of the utility 
issue requires first, a determination as to what utility is disclosed, i.e., the stated utility, for the 
invention claimed in the application. Only after the stated utility has been determined, can a 
proper analysis be undertaken to determine if the stated utility complies with the "practical 
utility" requirement of § 101 . As noted above, these questions regarding utility are factual in 
nature, see supra note 7, and are to be determined in the first instance by the PTO, the agency 
with the expertise in this regard. 
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Footnote 9. In applications prepared in the United States by experienced patent drafters, the 
drafter of the application typically sets forth objectives for the invention in the "Summary of the 
Invention" section of the application. These objectives will normally be consonant with the 
utility disclosed for the invention. As this court has noted, "[w]hen a properly claimed invention 
meets at least one stated objective, utility under §101 is clearly shown." Raytheon Co. v. Roper 
Corp., 724 F.2d 951, 958, 220 USPQ 592, 598 (Fed. Cir. 1983), cert, denied, 105 S. Ct. 127 
(1984). 

Footnote 10. Under the facts of the instant case, utility and enablement questions are ancillary to 
priority. In the interference proceeding, Cross raised the issue as to whether the Japanese priority 
application contained sufficient disclosure to satisfy §1 12. As noted above, see supra note 5, if 
Cross prevails on this issue the Japanese priority application would be removed as the basis for 
awarding priority to Iizuka. See generally 37 C.F.R. §§1.225, .231, .258. 
Footnote 1 1. A platelet microsome is an in vitro milieu consisting of blood platelets, the small, 
colorless corpuscles in the blood of all mammals, and other finely granular elements of 
protoplasm, such as ribosomes, fragmented endoplasmic reticula and mitochondrial christae. 
Footnote 12. Generally, pharmacological activity refers to the properties and reactions of drugs, 
especially with relation to their therapeutic value. 

Footnote 13. For purposes of the present opinion, we consider the phrase "substantial utility," as 
enunciated in Brenner, to be synonymous with the phrase "practical utility" as used in subsequent 
opinions of the CCPA. 

Footnote 14. We recognize that Nelson dealt with tests which were found adequate to establish 
an actual reduction to practice, as opposed to a constructive reduction to practice. We agree with 
the Board that principles applicable to a determination of an actual reduction to practice are 
generally germane to a constructive reduction to practice. 

Footnote 15. Both parties admitted that the GC-SMS test adequately simulated in vivo smooth 
muscle stimulation. 

Footnote 16. The three tests, all in vivo type tests carried out on laboratory animals, were: (1) the 
Mental Health General Screening Test which indicated the physical response, or absence of a 
response, of test animals to a drug, indicating the presence, or absence, of a desired 
pharmacological activity; (2) the Tetrabenazine Antagonism Test which screened drugs for 
antidepressant activity; and (3) the Sidman Avoidance Test which screened drugs for 
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tranquilizing activity. 

Footnote 17. Contrary to Cross' contention in the Reply Brief, the evidence of record relied upon 
by Cross to show significant structural dissimilarity appears to us to be directed to the fact that 
there is a wide disparity in potency for thromboxane synthetase inhibition between the parent 
imidazole compound and prior art imidazole derivatives. Cross has not directed our attention to 
any specific evidence of record which establishes, or tends to establish, significant structural 
dissimilarities between the basic imidazole compound and the imidazole derivatives of the 
phantom count. Variation in potency, moreover, is a matter of degree of activity, see Bundy, 642 
F.2d at 433, 209 USPQ at 51, but is still indicative of activity. There is no requirement that the 
compounds have the same degree of activity. Id., 209 USPQ at 51. Moreover, this argument 
may be construed as a tacit admission that the parent imidazole compound does possess the 
particular pharmacological activity of inhibiting thromboxane synthetase. 
Along this line, we note that Dr. Smith, Cross' expert witness, testified generally, based upon the 
exhibits proffered by Iizuka, see infra note 18, that the parent imidazole compound possessed 
pharmacological activity for inhibiting thromboxane synthetase, although stating that there was a 
wide potency spectrum for prior art imidazole derivatives with respect to the parent imidazole 
compound. 

Cross has directed the court's attention to the fact that the Japanese priority application, while 
disclosing that the parent imidazole and 1-methylimidazole compounds possess an inhibitory 
action for thromboxane synthetase, further discloses that this inhibitory effect is not satisfactory 
and that the parent imidazole and 1-methylimidazole compounds have not been put to practical 
therapeutic use. But a therapeutical utility is not necessarily synonymous to a pharmacological 
activity. Cf. Nelson, 626 F.2d at 856, 206 USPQ at 883. 

Footnote 18. For example, Table I in the article "Imidazole: A Selective Inhibitor of 
Thromboxane Synthetase," PROSTAGLANDINS, Vol. 13, No. 4, April 1977 (Iizuka Exhibit 
No. 6), lists 1-methylimidazole and the parent imidazole compounds as possessing inhibitory 
activity for thromboxane synthetase, thereby offering corroboration of Dr. Ramwell's testimony. 
The Board noted that Iizuka Exhibits 2-6 and 10-12, while inadmissible for the purpose of 
establishing the truth of what they say on their face, are admissible to bolster and support the 
testimony of Dr. Ramwell, as well as for the purpose of establishing what literature was available 
to the art at the critical time. Thus, for review purposes, we have examined these exhibits for 
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their corroborating value with respect to Dr. Ramwell's testimony. 

Footnote 19. Cross is seemingly arguing that the in vitro disclosure of the Japanese priority 
application is only a potential utility. See Knapp v. Anderson, 477 F.2d 588, 591, 177 USPQ 
688, 691 (CCPA 1973). 



-End of Case - 



Copyright 2004, The Bureau of National Affairs, Inc. Reproduction or redistribution, in 
whole or in part, and in any form, without express written permission, is prohibited 
except as permitted by the BNA Copyright Policy. http://www.bna.eom/corp/index.html#V 
22 



BNA's Intellectual Property Library on CD Full Text of Cases (USPQ Second Series) 



In re Brana (CA FC) 34 USPQ2d 1436 




Decided March 30, 1995 
No. 93-1393 



Page 1437 



Headnotes 



PATENTS 



1. Patentability/Validity - Utility (§ 115.10) 



Patentability/Validity - Specification » Enablement (§ 115.1105) 

Application for pharmaceutical invention did not fail to disclose specific disease against which 
claimed compounds are useful, and thereby fail to satisfy enablement requirement of 35 USC 
1 12, since specification, which favorably compares compounds of invention with known 
compounds found to be highly effective against lymphocytic leukemia tumor models, implicitly 
asserts that claimed compounds are also highly effective against those models, and since tumor 
models are cell lines representing specific lymphocytic tumors. 
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2. Patentability/Validity - Utility (§ 115.10) 



Patentability/Validity - Specification - Enablement (§ 115.1105) 

Patent and Trademark Office improperly rejected, for lack of utility, application claims for 
pharmaceutical compounds used in cancer treatment in humans, since neither nature of invention 
nor evidence proferred by PTO would cause one of ordinary skill in art to reasonably doubt 
asserted utility, and since even if utility of compounds could be reasonably questioned, evidence 
that compounds within scope of claims, and other structurally similar compounds, are effective 
as chemotherapeutic agents in animals would be sufficient to convince one skilled in art of 
asserted utility; absence of evidence that claimed compounds have chemotherapeutic effect in 
humans does not warrant contrary conclusion, since proof of alleged pharmaceutical property for 
compound by statistically significant tests using standard experimental animals is sufficient to 
establish utility. 



Case History and Disposition: 
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Appeal from the U.S. Patent and Trademark Office, Board of Patent Appeals and 
Interferences. 

Patent application of Miguel F. Brana, Jose M.C. Berlanga, Marina M. Moset, Erich Schlick 
and Gerhard Keilhauer, serial no. 07/533,944, filed June 4, 1990, which is a continuation of 
serial no. 213,690, filed June 30, 1988. From decision upholding examiner's rejection of claims 
10-13, applicants appeal. Reversed. 

Attorneys: 

Malcolm J. MacDonald, Herbert B. Keil, and David S. Nagy, Washington, D.C., for 
appellants. 

Fred E. McKelvey, Solicitor, PTO; Albin F. Drost, Deputy Solicitor; Richard E. Schafer, 
Teddy S. Gron, Joseph G. Piccolo and Richard L. Torczon, Associate Solicitors, for appellee. 
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Judge: 

Before Plager, Lourie, and Rader, circuit judges. 

Opinion Text 

Opinion By: 

Plager, J. 

Miguel F. Brana, et al (applicants), appeal the March 19, 1993 decision of the United States 
Patent and Trademark Office (PTO) Board of Patent Appeals and Interferences (Board), in 
Appeal No. 92-1 196. The Board affirmed the examiner's rejection of claims 10-13 of patent 
application Serial No. 533,944 under 35 U.S.C. Section 112 Para.l (1988). 1 The examiner's 
rejection, upon which the Board relied in rendering its decision, was based specifically on a 
challenge to the utility of the claimed compounds and the amount of experimentation necessary 
to use the compounds. We conclude the Board erred, and reverse. 

I. BACKGROUND 

On June 30, 1988, applicants filed patent application Serial No. 213,690 (the '690 application) 
2 directed to 5-nitrobenzo [de]isoquinoline-l,3-dione compounds, for use as antitumor 
substances, having the following formula: 




where n is 1 or 2, R 1 and R 2 are identical or different and are each hydrogen, 
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Cl-C6-alkyl, Cl-C6-hydroxyalkyl, pyrrolidinyl, morpholino, piperidinyl or piperacinyl, and R 3 
and R 4 are identical or different and are each hydrogen, Cl-C6-alkyl, Cl-C6-acyl, 
C2-C7-alkoxycarbonyl, ureyl, aminocarbonyl or C2-C7-alkylaminocarbonyl. These claimed 
compounds differ from several prior art benzo [de]isoquinoline-l,3-dione compounds due to the 
presence of a nitro group (02N) at the 5-position and an amino or other amino group (NR 3 R 4) 
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at the 8-position of the isoquinoline ring. 

The specification states that these non- symmetrical substitutions at the 5- and 8-positions 
produce compounds with "a better action and a better action spectrum as antitumor substances" 
than known benzo [de]isoquinolines, namely those in K.D. Paull et al., Computer Assisted 
Structure- Activity Correlations, Drug Research, 34(11), 1243-46 (1984) (Paull). Paull 
describes a computer-assisted evaluation of benzo [de]isoquinoline-l,3-diones and related 
compounds which have been screened for antitumor activity by testing their efficacy in vivo 3 
against two specific implanted murine (i.e., utilizing mice as test subjects) lymphocytic 
leukemias, P388 andL1210. 4 These two in vivo tests are widely used by the National Cancer 
Institute (NCI) to measure the antitumor properties of a compound. Paull noted that one 
compound in particular, benzo [de]isoquinoline-l,3(2H)dione,5-amino-2(2-dimethyl-aminoethyl 
[sic]) (hereinafter "NSC 308847"), was found to show excellent activity against these two 
specific tumor models. Based on their analysis, compound NSC 308847 was selected for further 
studies by NCI. In addition to comparing the effectiveness of the claimed compounds with 
structurally similar compounds in Paull, applicants' patent specification illustrates the 
cytotoxicity of the claimed compounds against human tumor cells, in vitro, 5 and concludes 
that these tests "had a good action." 6 

The examiner initially rejected applicants' claims in the f 690 application as obvious under 35 
U.S.C. Section 103 in light of U.S. Patent No. 4,614,820, issued to and referred to hereafter as 
Zee-Cheng et al Zee-Cheng et al discloses a benzo [dejisoquinoline compound for use as 
an antitumor agent with symmetrical substitutions on the 5-position and 8-position of the 
quinoline ring; in both positions the substitution was either an amino or nitro group. 7 Although 
not identical to the applicants' claimed compounds, the examiner noted the similar substitution 
pattern (i.e., at the same positions on the isoquinoline ring) and concluded that a mixed 
substitution of the invention therefore would have been obvious in view of Zee-Cheng et al 
In a response dated July 14, 1989, the applicants rebutted the Section 103 rejection. Applicants 
asserted that their mixed disubstituted compounds had unexpectedly better antitumor properties 
than the symmetrically substituted compounds in Zee-Cheng et al In support of this assertion 
applicants attached the declaration of Dr. Gerhard Keilhauer. In his declaration Dr. Keilhauer 
reported that his tests indicated that applicants' claimed compounds were far more effective as 
antitumor agents than the compounds disclosed in Zee-Cheng et al when tested, in vitro, 
against two specific types of human tumor cells, HEp and HCT-29. 8 Applicants further noted 
that, although the differences between the compounds in Zee-Cheng et al and applicants' 
claimed compounds were slight, there was no suggestion in the art that these improved results 
(over Zee-Cheng et al ) would have been expected. Although the applicants overcame the 
Section 103 rejection, the examiner nevertheless issued a final rejection, on different grounds, 
on September 5, 1989. 
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On June 4, 1990, applicants filed a continuation application, Serial No. 533,944 (the ? 944 
application), from the above-mentioned '690 application. Claims 10-13, the only claims 
remaining in the continuation application, were rejected in a final office action dated May 1, 
1991. Applicants appealed the examiner's final rejection to the Board. 
In his answer to the applicants' appeal brief, the examiner stated that the final rejection was 
based on 35 U.S.C. Section 112 Para.l. 9 The examiner first noted that the specification failed to 
describe any specific disease against which the claimed compounds were active. Furthermore, 
the examiner concluded that the prior art tests performed in Paull and the tests disclosed in the 
specification were not sufficient to establish a reasonable expectation that the claimed 
compounds had a practical utility (i.e. antitumor activity in humans). 10 
In a decision dated March 19, 1993, the Board affirmed the examiner's final rejection. The 
three-page opinion, which lacked any additional analysis, relied entirely on the examiner's 
reasoning. Although noting that it also would have been proper for the examiner to reject the 
claims under 35 U.S.C. Section 101, the Board affirmed solely on the basis of the Examiner's 
Section 112 Para.l rejection. This appeal followed. 

II. DISCUSSION 

At issue in this case is an important question of the legal constraints on patent office 
examination practice and policy. The question is, with regard to pharmaceutical inventions, what 
must the applicant prove regarding the practical utility or usefulness of the invention for which 
patent protection is sought. This is not a new issue; it is one which we would have thought had 
been settled by case law years ago. 1 1 We note the Commissioner has recently addressed this 
question in his Examiner Guidelines for Biotech Applications, see 60 Fed. Reg. 97 (1995); 49 
Pat. Trademark & Copyright J. (BNA) No. 1210, at 234 (Jan. 5, 1995). 
The requirement that an invention have utility is found in 35 U.S.C. Section 101 : "Whoever 
invents . . . any new and useful . . . composition of matter . . . may obtain a patent therefor. ..." 
(emphasis added). It is also implicit in Section 1 12 Para.l, which reads: 
The specification shall contain a written description of the invention, and of the manner and 
process of making and using it, in such full, clear, concise, and exact terms as to enable any 
person skilled in the art to which it pertains, or with which it is most nearly connected, to make 
and use the same, and shall set forth the best mode contemplated by the inventor of carrying out 
his invention. 

Obviously, if a claimed invention does not have utility, the specification cannot enable one to 
use it. 

As noted, although the examiner and the Board both mentioned Section 101, and the rejection 
appears to be based on the issue of whether the compounds had a practical utility, a Section 101 
issue, the rejection according to the Board stands on the requirements of Section 1 12 Para.L It is 
to that provision that we address ourselves. 12 The Board gives two reasons for the rejection; 
13 we will consider these in turn. 

1. 

The first basis for the Board's decision was that the applicants' specification failed to disclose a 
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specific disease against which the 
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claimed compounds are useful, and therefore, absent undue experimentation, one of ordinary 
skill in the art was precluded from using the invention. See Hybritech Inc. v. Monoclonal 
Antibodies, Inc. , 802 F.2d 1367, 1384, 231 USPQ 81, 94 (Fed. Cir. 1986), cert, denied, 480 
U.S. 947 (1987). In support, the Commissioner argues that the disclosed uses in the '944 
application, namely the "treatment of diseases" and "antitumor substances," are similar to the 
nebulous disclosure found insufficient in In re Kirk, 376 F.2d 936, 153 USPQ 48 (CCPA 
1967). This argument is not without merit. 

In Kirk applicants claimed a new class of steroid compounds. One of the alleged utilities 
disclosed in the specification was that these compounds possessed "high biological activity." 
Id. at 938, 153 USPQ at 50. The specification, however, failed to disclose which biological 
properties made the compounds useful. Moreover, the court found that known specific uses of 
similar compounds did not cure this defect since there was no disclosure in the specification that 
the properties of the claimed compounds were the same as those of the known similar 
compounds. Id. at 942, 153 USPQ at 53. Furthermore, it was not alleged that one of skill in 
the art would have known of any specific uses, and therefore, the court concluded this alleged 
use was too obscure to enable one of skill in the art to use the claimed invention. See also 
Kawaiv.Metlesics, 480F.2d880, 178 USPQ 158 (CCPA 1973). 

[1] Kirk would potentially be dispositive of this case were the above-mentioned language the 
only assertion of utility found in the f 944 application. Applicants' specification, however, also 
states that the claimed compounds have "a better action and a better action spectrum as 
antitumor substances" than known compounds, specifically those analyzed in Paull. As 
previously noted, see supra note 4, Paull grouped various benzo [de]isoquinoline-l,3-diones, 
which had previously been tested in vivo for antitumor activity against two lymphocytic 
leukemia tumor models (P388 and LI 2 10), into various structural classifications and analyzed 
the test results of the groups (i.e. what percent of the compounds in the particular group showed 
success against the tumor models). Since one of the tested compounds, NSC 308847, was found 
to be highly effective against these two lymphocytic leukemia tumor models, 14 applicants' 
favorable comparison implicitly asserts that their claimed compounds are highly effective (i.e. 
useful) against lymphocytic leukemia. An alleged use against this particular type of cancer is 
much more specific than the vaguely intimated uses rejected by the courts in Kirk and Kawai. 
See, e.g., Cross v. Iizuka, 753 F.2d at 1048, 224 USPQ at 745 (finding the disclosed practical 
utility for the claimed compounds — the inhibition of thromboxane synthetase in human or 
bovine platelet microsomes — sufficiently specific to satisfy the threshold requirement in Kirk 
and Kawai. ) 

The Commissioner contends, however, that P388 and L1210 are not diseases since the only way 
an animal can get sick from P388 is by a direct injection of the cell line. The Commissioner 
therefore concludes that applicants' reference to Paull in their specification does not provide a 
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specific disease against which the claimed compounds can be used. We disagree. 
As applicants point out, the P388 and L1210 cell lines, though technically labeled tumor 
models, were originally derived from lymphocytic leukemias in mice. Therefore, the P388 and 
L1210 cell lines do represent actual specific lymphocytic tumors; these models will produce this 
particular disease once implanted in mice. If applicants were required to wait until an animal 
naturally developed this specific tumor before testing the effectiveness of a compound against 
the tumor in vivo, as would be implied from the Commissioner's argument, there would be no 
effective way to test compounds in vivo on a large scale. 

We conclude that these tumor models represent a specific disease against which the claimed 
compounds are alleged to be effective. Accordingly, in light of the explicit reference to Paull, 
applicants 1 specification alleges a sufficiently specific use. 

2. 

The second basis for the Board's rejection was that, even if the specification did allege a specific 
use, applicants failed to prove that the claimed compounds are useful. Citing various references, 
15 the Board found, and the Commissioner now argues, that the tests offered by the applicants to 
prove utility 
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were inadequate to convince one of ordinary skill in the art that the claimed compounds are 
useful as antitumor agents. 16 
This court's predecessor has stated: 

[A] specification disclosure which contains a teaching of the manner and process of making and 
using the invention in terms which correspond in scope to those used in describing and defining 
the subject matter sought to be patented must be taken as in compliance with the enabling 
requirement of the first paragraph of Section 112 unless there is reason to doubt the objective 
truth of the statements contained therein which must be relied on for enabling support. 

In re Marzocchi, 439 F.2d 220, 223, 169 USPQ 367, 369 (CCPA 1971). From this it follows 
that the PTO has the initial burden of challenging a presumptively correct assertion of utility in 
the disclosure. Id, at 224, 169 USPQ at 370. Only after the PTO provides evidence showing 
that one of ordinary skill in the art would reasonably doubt the asserted utility does the burden 
shift to the applicant to provide rebuttal evidence sufficient to convince such a person of the 
invention's asserted utility. See In re Bundy, 642 F.2d 430, 433, 209 USPQ 48, 5 1 (CCPA 
1981). 17 

[2] The PTO has not met this initial burden. The references cited by the Board, Pazdur and 
Martin, 1 8 do not question the usefulness of any compound as an antitumor agent or provide 
any other evidence to cause one of skill in the art to question the asserted utility of applicants 1 
compounds. Rather, these references merely discuss the therapeutic predictive value of in vivo 
murine tests ~ relevant only if applicants must prove the ultimate value in humans of their 
asserted utility. Likewise, we do not find that the nature of applicants' invention alone would 
cause one of skill in the art to reasonably doubt the asserted usefulness. 
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The purpose of treating cancer with chemical compounds does not suggest an inherently 
unbelievable undertaking or involve implausible scientific principles. In re Jolles, 628 F.2d at 
1327, 206 USPQ at 890. Modern science has previously identified numerous successful 
chemotherapeutic agents. In addition, the prior art, specifically Zee Cheng et al , discloses 
structurally similar compounds to those claimed by the applicants which have been proven in 
vivo to be effective as chemotherapeutic agents against various tumor models. 
Taking these facts — the nature of the invention and the PTO's proffered evidence ~ into 
consideration we conclude that one skilled in the art would be without basis to reasonably doubt 
applicants 1 asserted utility on its face. The PTO thus has not satisfied its initial burden. 
Accordingly, applicants should not have been required to substantiate their presumptively 
correct disclosure to avoid a rejection under the first paragraph of Section 1 12. See In re 
Marzocchi, 439 F.2d at 224, 169 USPQ at 370. 

We do not rest our decision there, however. Even if one skilled in the art would have reasonably 
questioned the asserted utility, i.e., even if the PTO met its initial burden thereby shifting the 
burden to the applicants to offer rebuttal evidence, applicants proffered sufficient evidence to 
convince one of skill in the art of the asserted utility. In particular, applicants provided through 
Dr. Kluge's declaration 19 test results showing that several compounds within the scope of the 
claims exhibited significant antitumor activity against the L1210 standard tumor 
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model in vivo. Such evidence alone should have been sufficient to satisfy applicants' burden. 
The prior art further supports the conclusion that one skilled in the art would be convinced of 
the applicants 1 asserted utility. As previously mentioned, prior art - Zee Cheng et al and 
Paull ~ disclosed structurally similar compounds which were proven in vivo against various 
tumor models to be effective as chemotherapeutic agents. Although it is true that minor changes 
in chemical compounds can radically alter their effects on the human body, Kawai, 480 F.2d at 
891, 178 USPQ at 167, evidence of success in structurally similar compounds is relevant in 
determining whether one skilled in the art would believe an asserted utility. See Rey-Bellet v. 
Engelhardt, 493 F.2d 1380, 181 USPQ 453 (CCPA 1974); Kawai, 480F.2d880, 178 USPQ 
158 . 

The Commissioner counters that such in vivo tests in animals are only preclinical tests to 
determine whether a compound is suitable for processing in the second stage of testing, by 
which he apparently means in vivo testing in humans, and therefore are not reasonably 
predictive of the success of the claimed compounds for treating cancer in humans. 20 The 
Commissioner, as did the Board, confuses the requirements under the law for obtaining a patent 
with the requirements for obtaining government approval to market a particular drug for human 
consumption. See Scott v. Finney, 34 F.3d 1058, 1063, 32 USPQ2d 1 1 15, 1 120 (Fed. Cir. 
1994) ('Testing for the full safety and effectiveness of a prosthetic device is more properly left 
to the Food and Drug Administration (FDA). Title 35 does not demand that such human testing 
occur within the confines of Patent and Trademark Office (PTO) proceedings."). 
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Our court's predecessor has determined that proof of an alleged pharmaceutical property for a 
compound by statistically significant tests with standard experimental animals is sufficient to 
establish utility. In re Krimmel, 292 F.2d 948, 953, 130 USPQ 215, 219 (CCPA 1961); see 
also In re Bergel, 292F.2d958, 130 USPQ 205 (CCPA 1961). In concluding that similar in 
vivo tests were adequate proof of utility the court in In re Krimmel stated: 
We hold as we do because it is our firm conviction that one who has taught the public that a 
compound exhibits some desirable pharmaceutical property in a standard experimental animal 
has made a significant and useful contribution to the art, even though it may eventually appear 
that the compound is without value in the treatment of humans. 

Krimmel, 292 F.2d at 953, 130 USPQ at 219. Moreover, NCI apparently believes these tests 
are statistically significant because it has explicitly recognized both the P388 and L1210 murine 
tumor models as standard screening tests for determining whether new compounds may be 
useful as antitumor agents. 

In the context of this case the Martin and Pazdur references, on which the Commissioner relies, 
do not convince us otherwise. Pazdur only questions the reliability of the screening tests against 
lung cancer; it says nothing regarding other types of tumors. Although the Martin reference does 
note that some laboratory oncologists are skeptical about the predictive value of in vivo murine 
tumor models for human therapy, Martin recognizes that these tumor models continue to 
contribute to an increasing human cure rate. In fact, the authors conclude that this perception 
(i.e. lack of predictive reliability) is not tenable in light of present information. 
On the basis of animal studies, and controlled testing in a limited number of humans (referred to 
as Phase I testing), the Food and Drug Administration may authorize Phase II clinical studies. 
See 21 U.S.C. Section 355(i)(l); 5 C.F.R. Section 312.23 (a)(5), (a)(8) (1994). Authorization for 
a Phase II study means that the drug may be administered to a larger number of humans, but still 
under strictly supervised conditions. The purpose of the Phase II study is to determine primarily 
the safety of the drug when administered to a larger human population, as well as its potential 
efficacy under different dosage regimes. See 21 C.F.R. Section 312.21(b). 
FDA approval, however, is not a prerequisite for finding a compound useful within the meaning 
of the patent laws. Scott, 34 F.3d 1058, 1063, 32 USPQ2d 1 1 15, 1 120. Usefulness in patent 
law, and in particular in the context of pharmaceutical inventions, necessarily includes the 
expectation of further research and development. The stage at which an invention in this field 
becomes useful is well before it is ready to be administered to humans. Were we to require 
Phase II testing in order to prove utility, the 
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associated costs would prevent many companies from obtaining patent protection on promising 
new inventions, thereby eliminating an incentive to pursue, through research and development, 
potential cures in many crucial areas such as the treatment of cancer. 
In view of all the foregoing, we conclude that applicants' disclosure complies with the 
requirements of 35 U.S.C. Section 1 12 Para.l. 
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3. 

The Commissioner takes this opportunity to raise the question of this court's standard of review 
when deciding cases on appeal from the PTO. Traditionally we have recited our standard of 
review to be, with regard to questions of law, that review is without deference to the views of the 
Agency, In re Donald son, 16 F.3d 1189, 1192, 29 USPQ2d 1845, 1848 (Fed. Cir. 1994) (in 
banc), In re Caveney, 761 F.2d 671, 674, 226 USPQ 1, 3 (Fed. Cir. 1985), and with regard to 
questions of fact, we defer to the Agency unless its findings are "clearly erroneous." See, e.g., 
In re Baxter Travenol Labs, 952 F.2d 388, 21 USPQ2d 1281 (Fed. Cir. 1991); In re 
Woodruff; 919 F.2d 1575, 16USPQ2dl934 (Fed. Cir. 1990); In re De Blauwe, 736F.2d 
699, 222 USPQ 191 (Fed. Cir. 1984). 

With regard to judgment calls, those questions that fall " [s]omewhere near the middle of the 
fact-law spectrum," this court has recognized "the falseness of the fact-law dichotomy, since the 
determination at issue, involving as it does the application of a general legal standard to 
particular facts, is probably most realistically described as neither of fact nor law, but mixed." 
Campbell v. Merit Systems Protection Board, 27 F.3d 1560, 1565 (Fed. Cir. 1994). When these 
questions of judgment are before us, whether we defer, and the extent to which we defer, turns 
on the nature of the case and the nature of the judgment. Id. ("Characterization therefore must 
follow from an a priori decision as to whether deferring ... is sound judicial policy. We 
would be less than candid to suggest otherwise."). 

The Commissioner contends that the appropriate standard of review for this court regarding 
questions of law, of fact, and mixed questions of law and fact, coming to us from the PTO is 
found in the Administrative Procedure Act (APA) at 5 U.S.C. Section 706. The standard set out 
there is that " [t]he reviewing court shall . . . hold unlawful and set aside agency action, findings, 
and conclusions found to be - (A) arbitrary, capricious, an abuse of discretion, or otherwise not 
in accordance with law; . . . (E) unsupported by substantial evidence. . . ." The Commissioner is 
of the view that the stated standard we now use, which is the traditional standard of review for 
matters coming from a trial court, is not appropriate for decisions coming from an agency with 
presumed expertise in the subject area, and is not in accord with law. 21 
Applicants argue that by custom and tradition, recognized by the law of this court, the standard 
of review we have applied, even though inconsistent with the standard set forth in the APA, 
nevertheless is a permissible standard. In our consideration of this issue, there is a reality check: 
would it matter to the outcome in a given case which formulation of the standard a court 
articulates in arriving at its decision? The answer no doubt must be that, even though in some 
cases it might not matter, in others it would, otherwise the lengthy debates about the meaning of 
these formulations and the circumstances in which they apply would be unnecessary. 
A preliminary question, then, is whether this is one of those cases in which a difference in the 
standard of review would make a difference in the outcome. The ultimate issue is whether the 
Board correctly applied the Section 112 Para.l enablement mandate and its implicit requirement 
of practical utility, or perhaps more accurately the underlying requirement of Section 101, to the 
facts of this case. As we have explained, the issue breaks down into two subsidiary issues: (1) 
whether a person of ordinary skill in the art would conclude that the applicants had sufficiently 
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described particular diseases addressed by the invention, and (2) whether the Patent Act supports 
a requirement that makes human testing a prerequisite to patentability under the circumstances 
of this case. 

The first subsidiary issue, whether the application adequately described particular diseases, calls 
for a judgment about what the various representations and discussions contained in the patent 
application's specification would say to a person of ordinary skill in 
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the art. We have considered that question carefully, and, for the reasons we explained above in 
some detail, we conclude that the Board's judgment on this question was erroneous. Our 
conclusion rests on our understanding of what a person skilled in the art would gather from the 
various art cited, and from the statements in the application itself. We consider the Board's error 
to be sufficiently clear that it is reversible whether viewed as clear error or as resulting in an 
arbitrary and capricious decision. 

The second subsidiary issue, whether human testing is a prerequisite to patentability, is a pure 
question of law: what does the practical utility requirement mean in a case of this kind. Under 
either our traditional standard or under the APA standard no deference is owed the Agency on a 
question of law, and none was accorded. 

If the question concerning the standard of review, raised by the Commissioner, is to be 
addressed meaningfully, it must arise in a case in which the decision will turn on that question, 
and, recognizing this, the parties fully brief the issue. This is not that case. We conclude that it is 
not necessary to the disposition of this case to address the question raised by the Commissioner; 
accordingly, we decline the invitation to do so. 

III. CONCLUSION 

The Board erred in affirming the examiner's rejection under 35 U.S.C. Section 1 12 Para.l. The 
decision is reversed. REVERSED . 



Footnotes 



Footnote 1. Unless otherwise noted, all United States Code citations are to the 1988 edition. 
Footnote 2. This is a divisional of patent application Serial No. 1 10,871 filed October 21, 1987. 
Footnote 3. In vivo means " [i]n the living body, referring to a process occurring therein." 
Steadman's Medical Dictionary 798 (25th ed. 1990). In vitro means " [i]n an artificial 
environment, referring to a process or reaction occurring therein, as in a test tube or culture 
media." Id, 

Footnote 4. The analysis in Paull consisted of grouping the previously-tested compounds into 
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groups based on common structural features and cross- referencing the various groups, in light 
of the success rates of the group as a whole, to determine specific compounds that may be 
effective in treating tumors. 
Footnote 5. See supra note 3. 

Footnote 6. The specification does not state the specific type of human tumor cells used in this 
test. 

Footnote 7. The chemical compound in Zee-Cheng et al is labeled a 
3,6-disubstituted-l,8-naphthalimide and uses different numbering for the positions on the 
isoquinoline ring. The structure of this compound, however, is identical to that claimed by the 
applicants except for symmetrical substitutions at the 5-position and the 8-position of the 
isoquinoline ring. Zee-Cheng et al teaches identical substitutions of amino or nitro groups 
while applicants claim a nitro group substitution at the 5-position and an amino group 
substitution at the 8-position. 

Footnote 8. HEp cells are derived from laryngeal cancer and HCT-29 cells from colon cancer. 
Footnote 9. The examiner's answer noted that the final rejection also could have been made 
under 35 U.S.C. Section 101 for failure to disclose a practical utility. 
Footnote 10. The examiner subsequently filed two supplemental answers in response to 
arguments raised by the applicants in supplemental reply briefs. 

Footnote 11. See, e.g., Cross v. lizuka, 753 F.2d 1040, 224 USPQ 739 (Fed. Cir. 1985); In 
re hanger, 503 F.2d 1380, 183 USPQ 288 (CCPA 1974); In re Krimmel, 292F.2d948, 130 
USPQ 215 (CCPA 1961); InreBergel, 292F.2d958, 130 USPQ 205 (CCPA 1961). 
Footnote 12. This court's predecessor has determined that absence of utility can be the basis of a 
rejection under both 35 U.S.C. Section 101 and Section 112 Para.l. In reJolles, 628 F.2d 
1322, 1326 n.ll, 206 USPQ 885, 889 n. 11 (CCPA 1980); InreFouche, 439 F.2d 1237, 1243, 
169 USPQ 429, 434 (CCPA 1971) (" [I]f such compositions are in fact useless, appellant's 
specification cannot have taught how to use them."). Since the Board affirmed the examiner's 
rejection based solely on Section 112 Para.l, however, our review is limited only to whether the 
application complies with Section 112 Para.l. 

Footnote 13. The Board's decision did not expressly make any independent factual 
determinations or legal conclusions. Rather, the Board stated that it "agree [d] with the 
examiner's well reasoned, well stated and fully supported by citation of relevant precedent 
position in every particular, and any further comment which we might add would be redundant." 
Ex parte Brana et al , No. 92-1196 (Bd. Pat. App. & Int. March 19, 1993) at 2-3. Therefore, 
reference in this opinion to Board findings are actually arguments made by the examiner which 
have been expressly adopted by the Board. 

Footnote 14. Paull also found NSC 308847 to be effective against two other test models, B16 
melanoma and Colon C872. 

Footnote 15. See Pazdur et al., Correlation of Murine Antitumor Models in Predicting 
Clinical Drug Activity in Non-Small Cell Lung Cancer: A Six Year Experience, 3 Proceedings 
Am. Soc. Clin. Oncology 219 (1984); Martin et al, Role of Murine Tumor Models in Cancer 
Research, 46 Cancer Research 2189 (April 1986). 
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Footnote 16. As noted, this would appear to be a Section 101 issue, rather than Section 1 12. 
Footnote 17. See also In re Novak, 306 F.2d 924, 928, 134 USPQ 335, 337 (CCPA 1962) 
(stating that it is proper for the examiner to request evidence to substantiate an asserted utility 
unless one with ordinary skill in the art would accept the allegations as obviously valid and 
correct); In re Chilowsky, 229 F.2d 457, 462, 108 USPQ 321, 325 (CCPA 1956) (" [W]here 
the mode of operation alleged can be readily understood and conforms to the known laws of 
physics and chemistry ... no further evidence is required."). But see In re Marzocchi, 439 F.2d 
at 223, 169 USPQ at 369-70 ("In the field of chemistry generally there may be times when the 
well-known unpredictability of chemical reactions will alone be enough to create a reasonable 
doubt as to the accuracy of a particular broad statement put forward as enabling support for a 
claim. This will especially be the case where the statement is, on its face, contrary to generally 
accepted scientific principles."). 
Footnote 18. See supra note 15. 

Footnote 19. The declaration of Michael Kluge was signed and dated June 19, 1991. This 
declaration listed test results (i.e. antitumor activity) of the claimed compounds, in vivo, 
against L1210 tumor cells and concluded that these compounds would likely be clinically useful 
as anti-cancer agents. Enablement, or utility, is determined as of the application filing date. In 
re Glass, 492 F.2d 1228, 1232, 181 USPQ 31, 34 (CCPA 1974). The Kluge declaration, though 
dated after applicants' filing date, can be used to substantiate any doubts as to the asserted utility 
since this pertains to the accuracy of a statement already in the specification. In re Marzocchi, 
439 F.2d at 224 n.4, 169 USPQ at 370 n.4. It does not render an insufficient disclosure enabling, 
but instead goes to prove that the disclosure was in fact enabling when filed (i.e., demonstrated 
utility). 

Footnote 20. We note that this discussion is relevant to the earlier discussion as well. If we were 
to conclude that these in vivo tests are insufficient to establish usefulness for the claimed 
compounds, that would bear on the issue of whether one skilled in the art would, in light of the 
structurally similar compounds in Paull and Zee Cheng et al , have cause to doubt applicants' 
asserted usefulness for the compounds. 

Footnote 21 . Congress enacted the Administrative Procedure Act (APA) on June 11, 1946. See 
1 Kenneth Culp Davis, Administrative Law Treatise, Section 1 :7 (2d ed. 1978). The APA sets 
forth a framework for administrative agency procedure and provides judicial review for persons 
adversely affected by final agency actions. Chapter 7, codified at 5 U.S.C. Sections 701-706, 
contains the APA judicial review provisions, including the standard of review provision quoted 
above. 

- End of Case - 
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Scott v. Finney (CA FC) 32 USPQ2d 1115 




Decided September 14, 1994 
No. 94-1090 



Headnotes 



PATENTS 



L Patentability/Validity — Date of invention - Reduction to practice (§ 115.0405) 

Determination as to whether testing was sufficient to show reduction to practice must be based 
upon common sense assessment of particular facts of each case, specifically character of 
invention and problem it solves, with less complex inventions demanding less stringent testing, 
while inventions in fields in which there are many variables will demand more stringent testing 
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in order to preclude doubts about invention's actual capacity to 
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solve problem; testing need not show utility beyond possibility of failure, but only utility 
beyond probability of failure. 

2. Patentability/Validity - Date of invention - Reduction to practice (§ 115.0405) 

Videotape of operation in which surgeon inserted prototype penile prosthesis into penis of 
anaesthetized patient, and which demonstrated that device would solve problems posed by 
wholly internal penile implant, constituted sufficient testing to establish reasonable expectation 
that invention would work under normal conditions for its intended purpose, beyond probability 
of failure, even though device was not actually used during intercourse, and thus Board of 
Patent Appeals and Interferences erred in holding that testing was insufficient to show reduction 
to practice. 



Case History and Disposition: 
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Appeal from the U.S. Patent and Trademark Office, Board of Patent Appeals and 
Interferences. 

Interference proceeding no. 102,429, between senior party Roy P. Finney and junior party F. 
Brantley Scott and John H. Burton. From decision holding that junior party did not show 
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reduction to practice before senior party's date of invention, junior party appeals. Reversed and 
remanded. 

Attorneys: 

Rudolf E. Hutz and Harold Pezzner, of Connolly, Bove, Lodge & Hutz, Wilmington, Del., 
for appellants. 

Thad F. Kryshak and Thomas W. Ehrmann, of Quarles & Brady, Milwaukee, Wis., for 
appellee. 



Judge: 

Before Lourie, Rader, and Schall, circuit judges. 

Opinion Text 

Opinion By: 

Rader, J. 

The Board of Patent Appeals and Interferences awarded priority in Interference No. 102,429 to 
the senior party, Dr. Roy P. Finney. The Board held that the junior party, Dr. F. Brantley Scott 
and John H. Burton, did not show a reduction to practice before Dr. Finney's date of invention. 
Because the Board imposed an overly strict requirement for testing to show reduction to 
practice, this court reverses and remands. 

BACKGROUND 

This interference involves Dr. Finney's United States Patent No. 4,791,917, which was accorded 
the benefit of its May 15, 1980 parent application, and the Scott and Burton application, Serial 
No. 07/241,826, which was accorded the benefit of its parent application Serial No. 06/264,202, 
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filed May 15, 1981. Although the Scott and Burton application claims a joint invention of both 
applicants, Dr. Scott is the sole inventor of the subject matter in interference No. 102,429. 
The invention is a penile implant for men unable to obtain or maintain an erection. The 
prosthetic device is a self-contained unit that permits the patient to simulate an erection. The 
implant contains two reservoirs connected through a valve. The invention operates by shifting 
the inflating liquid between the two reservoirs. When the penis is flaccid, the invention 
maintains inflating liquid in a reservoir at the base of the penis. A simulated erection occurs 
when the liquid shifts through the valve into the elongated reservoir implanted in the forward 
section of the penis. 

Prior art devices fell into two categories: flexible rods and inflatable devices. Flexible rods had 
the disadvantage of making the penis permanently erect. The prior inflatable devices relied on 
fluid from a source and pump external to the body to inflate tubes implanted in the penis. These 
devices also had several disadvantages. 
The Interference Count at issue states: 

An implantable penile prosthesis for implanting completely within a patient's penis comprising 
at least one elongated member having a flexible distal forward section for implantation within 
the pendulous penis, said forward section being constructed to rigidize upon being filled with 
pressuring fluid; a proximal, rearward section adapted to be implanted within the root end of the 
penis, said rearward section containing a fluid reservoir chamber, externally operable pump 
means in said member for transferring fluid under pressure to said flexible distal forward section 
of said member for achieving an erection; and valve means positioned within said member 
which open when said pump is operated so that fluid is forced from said pump through said 
valve means into said flexible distal forward section of said chamber. 
The parties to this interference had contested related subject matter in an earlier interference, 
No. 101,149. The count of 101,149 was a species of the generic count in this interference. Dr. 
Scott won that earlier interference. 

In this interference, No. 102,429, Dr. Finney's application has an earlier filing date than Scott's 
application. Dr. Scott still has, 
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however, an earlier conception date. Dr. Scott did not present evidence of diligence after 
conception of his invention. See , e.g. , Griffith v. Kanamaru , 816 F.2d 624, 626, 2 
USPQ2d 1361, 1362 (Fed. Cir. 1987). Rather, Dr. Scott opted to show an actual reduction to 
practice before Dr. Finney's date of invention. 

Before the Board, Dr. Scott's primary evidence of actual reduction to practice was a videotape. 
The videotape showed an operation where the surgeon inserted Dr. Scott's prototype device into 
the penis of an anesthetized patient. The videotape showed the surgeon manipulating the 
implanted device. Several times the device simulated an erection when the surgeon manipulated 
the valve. Several times the fluid filled the forward reservoir. Several times the surgeon 
returned the penis to a flaccid condition by draining the fluid back into the rear reservoir. The 
Board found: 

It is uncontested that the penile implant used in the in- and-out procedure did rigidify the penis 
by pressurization of the rear chamber and did produce an erection. After the device was actuated 
to form the erection, the valve mechanism was manipulated to allow the device to become 
flaccid .... 
Board opinion at 8-9. 

Although not part of the count, the parties agree that the invention envisions implantation of 
two devices ~ one on either side of the penis. In the videotaped demonstration, the surgeon 
implanted only a single prosthesis into the patient. Although using only a single prosthesis, the 
videotape showed a penis with enough rigidity to produce an erection. After manipulating the 
implanted device through the skin to simulate having and losing an erection, the surgeon 
removed Dr. Scott's prototype and inserted a prior art external pump mechanism. 
Dr. Scott supplied other evidence as well. He presented evidence of testing for leakage, 
disclosed that the fabrication material was common in implanted devices, and supplied the 
testimony of Dr. Drogo K. Montague, an expert in the field. Dr. Montague personally handled 
the device at issue and viewed the videotape. He testified that the video showed, even with only 
a single tube, sufficient rigidity for intercourse. 

In opposition, Dr. Finney testified personally about the difficulty of determining sufficient 
rigidity for intercourse on the basis of insertion in an anesthetized patient. Both Drs. Finney and 
Montague agreed that insertion of two tubes would greatly enhance rigidity. 
The Board discerned insufficient evidence to show reduction to practice. Specifically, the Board 
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determined that Dr. Scott had not shown utility, i.e., that the device would successfully operate 
under actual use conditions for a reasonable length of time. Thus, the Board required "testing of 
an implantable medical device under actual use conditions or testing under conditions that 
closely simulate actual use conditions for an appropriate period of time." Board opinion at 8. 
Because Dr. Scott had not tested his device in actual intercourse or in similar conditions to 
intercourse for a proper period of time, the Board determined that Dr. Scott had not reduced his 
invention to practice. The Board awarded the count to Dr. Finney. This appeal followed. 

DISCUSSION 

The issue of reduction to practice is a question of law which this court reviews de novo . 
Hybritechlnc. v. Monoclonal Antibodies, Inc. , 802 F.2d 1367, 1376, 231 USPQ 81, 87 (Fed. 
Cir. 1986), cert denied , 480 U.S. 947 (1987). This court reviews the Board's factual 
findings under the clearly erroneous standard. Coleman v. Dines , 754 F.2d 353, 356, 224 
USPQ 857, 859 (Fed. Cir. 1985). 

The Scott and Burton application was copending with that of Dr. Finney. Consequently, as the 
junior party in this interference, Dr. Scott had the burden to show prior invention by a 
preponderance of evidence. Bosies v. Benedict , 27 F.3d 539, 542, 30 USPQ2d 1862, 1864 
(Fed. Cir. 1994); Harding v. Steingiser , 318 F.2d 748, 748, 138 USPQ 32, 33 (CCPA 1963). 
To show prior invention, the junior party must show reduction to practice of the invention before 
the senior party, or, if the junior party reduced to practice later, conception before the senior 
party followed by reasonable diligence in reducing it to practice. See Griffith , 816F.2dat 
626. 

To show reduction to practice, the junior party must demonstrate that the invention is "suitable 
for its intended purpose." Steinberg v. Seitz , 517 F.2d 1359, 1363, 186 USPQ 209, 212 
(CCPA 1975) (quoting In reDardick , 496 F.2d 1234, 1238, 181 USPQ 834, 837 (CCPA 
1974)). When testing is necessary to show proof of actual reduction to practice, the embodiment 
relied upon as evidence of priority must actually work for its intended purpose. Newkirk v. 
Lulejian , 825 F.2d 1581, 1582, 3 USPQ2d 1793, 1794 (Fed. Cir. 1987). Because Dr. Scott 
relied on such testing, this court must examine the 
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quality and quantity of testing asserted to show a reduction to practice. 
Testing sufficient to show a reduction to practice has often been at issue in interference 
proceedings. Newkirk , 825 F.2d at 1582 ("proof of actual reduction to practice requires 
demonstration that the embodiment relied upon as evidence of priority actually worked for its 
intended purpose"); see also Kimberly-Clark Corp. v. Johnson & Johnson , 745 F.2d 
1437, 1445, 223 USPQ 603, 607 (Fed. Cir. 1984) (same); Wiesner v. Weigert , 666 F.2d 582, 
588, 212 USPQ 721, 726 (CCPA 1981) (same). By the same token, this court has also indicated 
"that 1 [s]ome devices are so simple and their purpose and efficacy so obvious that their complete 
construction is sufficient to demonstrate workability. 1 " King Instrument Corp, v. Otari Corp. , 
767 F.2d 853, 861, 226 USPQ 402, 407 (Fed. Cir. 1985), cert denied , 475 U.S. 1016 (1986) 
(quoting Eastern Rotorcraft Corp. v. United States , 384 F.2d 429, 431, 155 USPQ 729, 730 
(Ct CI. 1967)). Indeed, the Supreme Court, in a case featuring evidence of testing, cited 
approvingly three decisions of the United States Court of Appeals for the District of Columbia 
which stated that simple devices need no testing to show reduction to practice. See Corona 
Cord Tire Co. v. Dovan Chem. Corp. , 276 U.S. 358, 383 (1928) (citing Roe v. Hanson , 19 
App. D.C. 559 (1902); Lindemeyr v. Hoffman , 18 App. D.C. 1 (1901); and Mason v. 
Hepburn , 13 App. D.C. 86 (1898). 

[1] In cases requiring testing, this court's predecessor addressed many times the nature of testing 
necessary to show reduction to practice. Several important principles emerge from these cases. 
For instance, the testing requirement depends on the particular facts of each case, with the court 
guided by a common sense approach in weighing the sufficiency of the testing. Gellert v. 
Wanberg , 495 F.2d 779, 783, 181 USPQ 648, 652 (CCPA 1974); Gordon v. Hubbard , 347 
F.2d 1001, 1006, 146 USPQ 303, 307 (CCPA 1965). Reduction to practice does not require 
"that the invention, when tested, be in a commercially satisfactory stage of development." 
Dardick , 496 F.2d at 1238; Steinberg , 517 F.2d at 1363; Goodrich v. Harmsen , 442F.2d 
377, 383, 169 USPQ 553, 559 (CCPA 1971). Testing need not show utility beyond a possibility 
of failure, but only utility beyond a probability of failure. Taylor v. Swingle , 136 F.2d 914, 
917, 58 USPQ 468, 471 (CCPA 1943). When reviewing the sufficiency of evidence of reduction 
to practice, this court applies a reasonableness standard. Holmwood v. Sugavanam , 948 F.2d. 
1236, 1238, 20 USPQ2d 1712, 1714 (Fed. Cir. 1991). 
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Complex inventions and problems in some cases require laboratory tests that "accurately 
duplicate actual working conditions in practical use." Elmore v. Schmitt , 278 F.2d 510, 513, 
125 USPQ 653, 656 (CCPA 1960); accord Koval v. Bodenschatz , 463 F.2d 442, 447, 174 
USPQ 451, 455 (CCPA 1972) (testing of electrical circuit breaker did not test higher voltages); 
Anderson v. Scinta , 372 F.2d 523, 527, 152 USPQ 584, 587 (CCPA 1967) (testing of 
windshield wiper blades did not simulate effect of wind on windshield); but cf. Paivinen v. 
Sands , 339 F.2d 217, 225-26, 144 USPQ 1, 8-9 (CCPA 1964) (oscilloscope testing of 
magnetic switching circuit necessarily involved high speed switching). In Elmore , the Court 
of Customs and Patent Appeals noted that the various tests on a binary counter for sophisticated 
radar and video equipment did not account for "the resistance and character of load, nature of 
pulses, including voltage, duration and amplitude, and amount of capacitance used." Elmore , 
278 F.2d at 512. The court also noted that the tests did not "reproduce [ ] the conditions of 
temperature, vibration, or sustained operation which would usually be encountered in a specific 
use." Id . Elmore demanded closer correlation between testing conditions and actual use 
conditions because the presence of many variables in that precision electronics field would 
otherwise raise doubts about the invention's actual capacity to solve the problem. 
Less complex inventions and problems do not demand such stringent testing. See , e.g. , 
Sachs v. Wadsworth , 48 F.2d 928, 929, 9 USPQ 252, 254 (CCPA 1931), and cases cited in 
Corona Cord , 276 U.S. at 383. In Sellner v. Solloway , 267 F.2d 321, 122 USPQ 16 
(CCPA 1959), for example, the inventor presented his invention, an exercise chair, at a birthday 
party. Because "the device involved and manner in which it is intended to operate are 
comparatively simple," id. at 323, the court sustained the sufficiency of this rudimentary 
testing by individuals without particular skills. 
This court's predecessor well summarized many of these principles: 
A certain amount of "common sense" must be applied in determining the extent of testing 
required. Depending on its nature, the invention may be tested under actual conditions of use, or 
may be tested under "bench" or laboratory conditions which fully duplicate each and every 
condition of actual use, or in some cases, may be tested under laboratory conditions 
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which do not duplicate all of the conditions of actual use. In instances where the invention is 
sufficiently simple, mere construction or synthesis of the subject matter may be sufficient to 
show that it will operate satisfactorily. 

Gordon , 347 F.2d at 1006. This statement captures the underlying principle that governs the 
nature of testing necessary to show reduction to practice — the character of the testing varies 
with the character of the invention and the problem it solves. See Sydeman v. Thoma , 32 
App. D.C. 362 (1909). 

Another predecessor to this court summarized, "the inquiry is not what kind of test was 
conducted, but whether the test conducted showed that the invention would work as intended in 
its contemplated use." Eastern Rotorcraft Corp. v. United States , 384 F.2d 429, 431, 155 
USPQ 729, 730 (Ct. CI. 1967). Thus, the Court of Claims focused on the workability of the 
invention in the context of the problem it solved. The nature and complexity of the problem 
necessarily influence the nature and sufficiency of the testing necessary to show a reduction to 
practice. In any event, the testing should demonstrate " the soundness of the principles oj 
operation of the invention." Wolter v. Belicka , 409 F.2d 255, 263, 161 USPQ 335, 341 
(CCPA 1969) (Rich, J., dissenting). The inventor need show only that the invention is "suitable" 
for its intended use. Steinberg , 517 F.2d at 1363 (quoting Dardick , 496 F.2d at 1238). 
All cases deciding the sufficiency of testing to show reduction to practice share a common 
theme. In each case, the court examined the record to discern whether the testing in fact demon 
strated a solution to the problem intended to be solved by the invention. See , e.g. , 
Farrand Optical Co. v. United States , 325 F.2d 328, 333, 139 USPQ 249, 253 (2d Cir. 1963) 
("The essential inquiry here is whether the advance in the art represented by the invention . . . 
was embodied in a workable device that demonstrated that it could do what it was claimed to be 
capable of doing.") (emphasis added). In tests showing the invention's solution of a problem, the 
courts have not required commercial perfection nor absolute replication of the circumstances of 
the invention's ultimate use. Rather, they have instead adopted a common sense assessment. This 
common sense approach prescribes more scrupulous testing under circumstances approaching 
actual use conditions when the problem includes many uncertainties. On the other hand, when 
the problem to be solved does not present myriad variables, common sense similarly permits 
little or no testing to show the soundness of the principles of operation of the invention. 
In the prosthetic implants field, polyurethane materials and inflatable penile prostheses were old 
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in the art. They were tested extensively. Only the insertion and hydraulics of a manipulable valve 
separating two implanted reservoirs were new. Thus, Dr. Scott had the burden to show that his 
novel valve and dual reservoir system would simulate an erection for sexual intercourse when 
manipulated through the skin. Consequently, the problem presented to Dr. Scott, when viewed 
from the vantage point of earlier proven aspects of penile implant technology, was relatively 
uncomplicated. 

[2] In the videotape presentation, Dr. Scott demonstrated suffic iently the workability of his 
invention to solve the problems of a wholly internal penile implant. The videotaped operation 
showed both rigidity for intercourse and operability of the valve to inflate and deflate the device 
through the skin. The use of materials previously shown to work in prosthetic implants over a 
reasonable period of time also showed the durability of the invention for its intended purpose. In 
sum, Dr. Scott showed sufficient testing to establish a reasonable expectation that his invention 
would work under normal conditions for its intended purpose, beyond a probability of failure. 
The Board erred by setting the reduction to practice standard too high. The Board erroneously 
suggested that a showing of reduction to practice requires human testing in actual use 
circumstances for a period of time. See Engelhardt v. Judd , 369 F.2d 408, 410-11, 151 
USPQ 732, 734 (CCPA 1966) (human testing of antihistamine and antiserotonin unnecessary in 
light of tests on laboratory animals). Reduction to practice, however, does not require actual use, 
but only a reasonable showing that the invention will work to overcome the problem it 
addresses. The videotape showed the rigidity and manipulability of the valve through the skin 
necessary for actual use. Experts testified to the invention's suitability for actual use. In the 
context of this art and this problem, Dr. Scott made that reasonable showing. 
The Board rejected these proofs because the device was not actually used during intercourse. In 
this instance of a solution to a relatively simple problem, the Board required more testing than 
necessary to show that the device would work for its intended purpose. Even accepting the 
Board's conclusion that the intended purpose is to facilitate normal sexual intercourse, prior art 
prosthetic devices had fully tested the workability of most features of Dr. Scott's invention. Dr. 
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hydraulics of a fully self-contained internal prosthesis remained to be tested for workability. Dr. 
Scott adequately showed the workability of these features. 

Testing for the full safety and effectiveness of a prosthetic device is more properly left to the 
Food and Drug Administration (FDA). Title 35 does not demand that such human testing occur 
within the confines of Patent and Trademark Office (PTO) proceedings. Cf. In re Sichert , 
566 F.2d 1 154, 1 160, 196 USPQ 209, 214 (CCPA 1977) (rejecting lack of safety challenge to 
utility of claimed drug); In re Anthony , 414 F.2d 1383, 1395, 162 USPQ 594, 604 (CCPA 
1969)( f, Congress has given the responsibility to the FDA, not to the [PTO], to determine . . . 

whether drugs are sufficiently safe ") (citation omitted); In re Watson , 517 F.2d 465, 476, 

186 USPQ 11,19 (CCPA 1975) (same). 

The Board's holding that Dr. Scott did not reduce his invention to practice before the May 15, 
1980 filing date of Dr. Finney is reversed. Dr. Finney asserted that Dr. Scott abandoned, 
suppressed, or concealed the invention embodied by the count within the meaning of 35 U.S.C. 
Section 102(g) (1988). The Board did not reach this issue in light of its holding that no reduction 
to practice occurred. Because the Board has not considered this issue, this court remands for a 
determination of whether Dr. Scott abandoned, suppressed, or concealed the invention within the 
meaning of 35 U.S.C. Section 102(g). 

COSTS 

Each party to bear its own costs. 
REVERSED AND REMANDED 



- End of Case - 
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INTRODUCTION 

Simian virus 40 (SV40) and other polyomaviruses, human 
adenoviruses, and animal papillomaviruses are small DNA 
viruses that replicate in the nucleus of permissive host cells. 
They gained early research prominence primarily because of 
their abilities to immortalize or transform mammalian cells in 
culture and to cause tumors in certain experimental ani- 
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mals. 157 Eventually, the human papillomaviruses garnered 
substantial attention after recognition of their clinical associa- 
tion with hyperproliferative lesions (warts, condylomata, and 
papillomas) and neoplasms of epithelial tissues. 360 * 462 

The first of the DNA tumor viruses to be discovered (in 
1933)' and characterized in biologic detail was the Shope cot- 
tontail rabbit (CRPV) papilloma vims, which causes benign 
cutaneous papillomas in cottontail rabbits, its natural host. In 
experimentally infected domestic rabbits, CRPV-induced pap- 
illomas often progress to carcinomas, a process accelerated by 
cocarcinogens. Many of the fundamental principles of viral 
oncogenesis, tumor promoters, and neoplastic progression 
were first discovered with CRPV systems. 217 * 462 
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Mouse polyomavirus was found to cause a multitude of tu- 
mors in diverse organs if inoculated into newborn mice — 
hence the name, "polyoma virus." Infections in adult mice 
produce no symptoms. SV40 has commanded major research 
attention since the late 1950s, after the realization that the rhe- 
sus monkey kidney cells used for human polio virus vaccine 
production harbored SV40 in the absence of obvious patho- 
genic effects and that millions of people had inadvertently 
been exposed to it. 239 The less well studied human poly- 
omaviruses BKV and JCV are genetically related to SV40. 82 
JCV has been isolated from immunosuppressed patients with 
progressive multifocal leukoencephalopathy, a demyelinating 
disease, and is trophic for oligodendrocytes in vitro. 359 BKV 
and JCV are both shed from infected kidney cells into the 
urine of immunosuppressed or pregnant patients. These infec- 
tions are commonly established in early childhood. Recent in- 
vestigations have found authentic S V40 in human childhood 
brain tumors of the choroid plexus, in ependymomas, and in a 
rare glioblastoma. 232 Although SV40, BKV, and JCV trans- 
form nonpermissive cells in vitro and induce tumors in new- 
born hamsters, infections are largely asymptomatic in the kid- 
neys of their respective native hosts (Table 12-1). 

More than 48 serotypes of human adenovirus have been iso- 
lated, with selective tropisms for the mucosal epithelia of the 
pharynx, conjunctiva, and intestinal tract 176 Although none of 
the human adenoviruses induce human neoplasms, they can 
transform cells in vitro, and some serotypes have been known 
since the early 1960s to be moderately to strongly oncogenic in 
newborn hamsters because of their immature immune systems. 
In recent years, a high mortality rate has been reported among 
adenovirus-infected patients who have compromised immune 
systems resulting from congenital immunodeficiency, acquired 
immunodeficiency syndrome (AIDS)* or organ transplanta- 
tion. 170 Because the animal polyomaviruses and the human 
adenoviruses can be propagated easily in cultured cells, they 
have been used extensively as model systems to investigate the 
molecular mechanisms of replication, transcription, and trans- 
formation in Vitro and of tumorigenicity in animals; 



In the early 1960s, bovine papillomavirus type 1 (BPV-1)/ 
which causes fibropapillomas in cattle, was shown to trans- 
form the morphology of bovine and rodent cells in cul- 
ture. 29 . 4 ** However, it attracted little attention until 1980, 
when there was a revisitation to the tumorigenic transforma- 
tion of murine cell lines 126 * 248 and the demonstration that BPV- 
1 DNA replicates as an extrachromosomal plasmid at moder- 
ate copy number in the nuclei of transformed cells. 227 * 229 
BPV-1 quickly became another attractive model system with 
which to examine the molecular mechanisms of transforma- 
tion and eucaryotic DNA replication. 

Human papillomaviruses (HPVs) have been recognized 
for decades to cause benign, hyperproliferative cutaneous 
warts. 462 A small number of people infected with certain HPV 
types develop disseminated cutaneous warts called epider- 
modysplasia verruciformis (EV). EV lesions can progress to 
invasive carcinomas in sun-exposed sites in 30% to 40% of 
patients. This clinical correlation was the first definitive 
demonstration of a human cancer virus. 295 However, because 
of the inability to propagate any of the human papillo- 
maviruses in conventional cell cultures or to maintain an epi- 
somal state in the infected cells, 50 * 400 research on the HPVs 
was largely limited to pathologic and immunologic analyses 
of patients. 

Several factors contributed to the influx of investigators 
into the field of HPV research. Since the late 1970s, molecular 
cloning of numerous types of HPV DNA from a spectrum of 
cutaneous and mucosal lesions (warts, dysplasias, and cervi- 
cal and penile carcinomas) has emphasized the medical im- 
portance of HPVs and provided materials with which to con- 
duct research. 110 The discovery that long-established cervical 
cancer cell lines (e.g., HeLa cells) that are widely used in lab- 
oratory investigations contain integrated and actively tran- 
scribed HPV DNA provided further impetus. 303 * 348 457 As more 
genotypes of HPV DNA were cloned from lesions, they in 
turn were used as probes for additional specimens. When 
more sensitive methods of detection such as in situ hybridiza- 
tion 386 and polymerase chain reaction (PCR) amplifica- 



TABLE 1 2-1 . Small DNA tumor viruses, native host species and associated diseases 


Virus 


Hosf species 


Diseases 


HPVs* (100 types) 
BPVst (6 types) 
CRPV 

JCV human polyomavirus 

BKV human polyomavirus 
SV40 

Mouse polyomavirus 

Human adenovirusest 
(48 types) 


Humans 
Cattle 

Cottontail rabbits 
Humans 

Humans 
Monkeys 
Mice 
Humans 


Asymptomatic; warts, dysplasias, carcinomas 
Asymptomatic; fibropapillomas, warts, carcinomas 
Papillomas, carcinomas 
Asymptomatic; kidney; occasional progressive 

multifocal leukoencephalopathy (PML) in 

immunosuppressed patients 
Asymptomatic; kidney; occasional tumorsjfl 
^ immunosuppressed patients ^^^^ 
Asymptomatic; kidney; PML in immunosuppressed 

macaques; childhood brain tumors in humans 
Asymptomatic in adult mice; tumors in multiple 

organs when inoculated into newborn mice 
Respiratory and digestive tracts; conjunctiva; 

pneumonia in immunosuppressed patients 



HPV, human papillomavirus; BPV, bovine papillomavirus; CRPV, cottontail rabbit papillomavirus; 
SV40, simian virus 40. 
*See Table 1 2-4 for the association between particular HPV types and diseases. 
Particular types have distinct tissue tropisms and are associated with various diseases. 
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tion*U7.256 were developed and applied, it became evident that 
HPV infections are extremely widespread. Most infections are 
subclinical, but certain HPV types contribute centrally to the 
development of epithelial neoplasms at a variety of anatomic 
sites.3«385.463 H f>Vs immortalize primary keratinocytes, trans- 
form murine cell lines in culture, and transform primary cells 
in collaboration with an activated ras oncogene. 259 - 319 . 4 ** 
Among the small DNA viruses, HPVs provide a unique oppor- 
tunity to correlate pathogenesis in patients with experimenta- 
tion in vitro. 

From this brief history of the small DNA tumor viruses, it is 
easy to understand why each was highly regarded for its pro 
totypic properties, well suited to the investigation of the un- 
derlying causes of cancers, and why each attracted large 
fallowings of dedicated investigators. Yet, no amount of hy- 
perbole could have anticipated the important insights that 
have been revealed by the investigations of these small DNA 
tumor viruses, from the basic mechanisms of RNA transcrip- 
tion and processing in the late 1970s, to those of DNA replica- 
tion in the past decade, to, more recently, those governing cell 
proliferation, oncogenesis, and apoptosis. 

The oncogenicity of each of the small DNA tumor viruses 
can be attributed to one or more proteins (oncoproteins) that 
target critical host proteins, specifically p53 and the retino- 
blastoma susceptibility protein (pRB) and proteins related to it 
(Table 12-2). pRB and p53 jyerejhejjrs t tumor suppre ssor 
gen^identified ^d^eir dele tion or mutation was foundlna 
wide^ui^ 

key control regulatory proteins governing genome stability 
and proliferation, differentiation, and apoptosis of mammalian 

■Cells; I97 .3 4 3371353i433 

This chapter takes the perspective that infections in the nat- 
ural host animals by the so-called small DNA tumor viruses 
are largely nondisruptive and self-limiting events that have 
evolved to achieve equilibrium between the virus and the host. 
Infections are primarily asymptomatic and persistent, and 
oncogenesis occurs at low frequency as the culmination of a 
long series of accidental events ultimately detrimental to the 



propagation of the virus. An appreciation of the viral strate- 
gies for establishment and maintenance of such benign coex- 
istence can provide insight into the mechanisms governing 
cell proliferation and the consequences of dysregulation Em- 
phasis is placed on the HPVs, particularly the types that infect 
mucosal epithelia, because the virus-host interactions in vivo 
have been the most extensively examined among all the DNA 
tumor viruses. 



VIRAL GENOME STOUCTURES 

Each of the small DNA viruses hasa nonenveloped, ico- 
sahedral protein capsid. Each contains a double-stranded 
chromosome. Productive infection in vitro occurs only in 
permissive host cells (see Table 12-1). The genome size, or- 
ganization, and strategy of replication are briefly summarized 
here. 



Polyomaviruses 

The polyomaviruses have a circular genome of approxi- 
mately 5200 bp that replicates in the nucleus of the host cell.** 
Viral replication is dependent on the host machinery but 
requires specific viral proteins to mark the origin and to initi- 
ate and sustain replication. Replication is bidirectional and 
semiconservative, generating theta-form intermediates. Tran- 
scripts diverge from an early promoter and a late promoter, 
which flank the regulatory region containing enhancers and 
the origin of replication. mRNAs initiated from these two pro- 
moters are polyadenylated at a convergent site located about 
halfway around the genome and then undergo alternative 
splicing 4« Transcription of the early (E) region occurs before 
viral DNA replication, whereas that of the late (L) region 
commences after the onset of vegetative replication. The E re- 
gions of SV40, BKV, and JCV each encode a large T (tumor) 
antigen and a small t antigen from alternatively spliced pri- 



TABLE 12-2. Viral oncoproteins and targeted host proteins 



virus 


Viral protein 


HPV 


E6 


HPV 


E7 


HPV 


E5 


BPV 


E6 


BPV 


E7 


BPV-1 


E5a 


BPV-1 


E5b 


SV40, BKV, JCV 


Large T 


Polyomavirus 


Polymavirus 


middle T 


Adenovirus 


E1A 




E1B55 kD 




E1B 19 kD 



Targeted host proteins 



p53; ERC-55 (a calcium-binding protein) 
pRB,p107,p130 

16-kD vacuolar KKATPase; EGF receptor, erbB-2 
ERC-55 
Unknown 

t16-kD vacuolar H+-ATPase; p-type PDGF receptor 
calreticulin 

p53,pRB, p107,p130 
Src, She 

pRB,p107,p130 
p53 

Nip 1,2, 3 

* PV ' h V man papillomavirus; BPV, bovine papillomavirus; SV40, simian virus- BKV a human 
&pITT; JCV '. a hUm ! n P 0, y° mavirus ' P R B. retinoblastoma .-stisS^i^^ST 
SZ^^ triphosphatase; EGF, epidermal gro% TaSor; PDGF, 
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mary transcripts. The large T antigen is multifunctional and 
serves as a transforming protein, a transcription regulatory 
protein, a replication origin recognition protein, an adenosine 
triphosphatase (ATPase), and a helicase necessary for replica- 
tion. The small t antigen inactivates host protein phosphatase- 
2A t thereby mobilizing the mitogen-activated protein kinase 
pathway and promoting cell proliferation. 84 * 130 * 255 The mouse 
polyomavirus additionally encodes a middle T antigen, which 
is the transformation protein and interacts with a number of 
protein tyrosine kinases, including src and she. The large T 
antigen can immortalize primary fibroblasts, and the small t 
antigen increases transformation efficiency, 44 The L region 
encodes three capsid proteins, each derived from an alterna- 
tively spliced mRNA. With the exception of the mouse poly- 
omavirus, the course of infection in the permissive tissues of 
the natural hosts has not been investigated. By in situ analysis 
of mouse kidneys, differentiation-dependent viral DNA repli- 
cation has been observed. 8 

Adenoviruses 

The adenoviruses each contain a linear double-stranded 
chromosome of about 36,000 bp. 362 These viruses have a very 
distinctive replication mechanism to assure reproduction of 
their termini 419 The ends are inverted sequence duplications, 
and a virus-encoded terminal protein is covalently linked to 
each 5* end. Replication takes place in the 1 nucleus and de- 
pends on the virus-encoded DNA polymerase, which initiates 
from either end by using the precursor to the terminal protein 
as a primer. Synthesis along a double-stranded template pro- 
ceeds by a strand displacement mechanism. The displaced sin- 
gle strand can form a stem-loop structure upon pairing of the 
inverted terminal duplications. Replication then reinitiates at 
the hairpinned ends, which have the sam6 terminal sequence 
organization as the fully duplex molecules, and the replication 
cycle is completed by elongation over the entire length of the 
single strand. 

Adenovirus RNA transcripts are generated from five early 
promoters and from several late promoters. Some transcrip- 
tion units have a specific 3' end and polyadenylation site, and 
others terminate at alternative poly A sites. Collectively, the 
RNAs virtually span both DNA strands. The various primary 
transcripts are processed by alternative RNA splicing into 
families of messages that share a common 5* end or a common 
poly A site, or both. 4 ** 71 - 73 The 13S and 12S mRNAs from the 
El A region are immediate early transcripts; their synthesis 
can take place in the absence of protein synthesis. The E1A 
proteins regulate transcription of both viral and host genes 
through interactions with a number of host proteins. 274 * 288 
Transcription of the E1B, E2A, E2B, E3, and E4 regions is 
considered to be delayed early, because synthesis commences 
before DNA replication but requires the activation functions 
of El A. Late mRNAs are transcribed only after the onset of 
viral DNA replication. 

Both El A and E1B are required for cell transformation and 
are therefore regarded as potential oncoproteins. Notably, the 
El A proteins (289 amino acids and 243 amino acids) associate 
with the pRB family of proteins, whereas the E1B 55-kD pro- 
tein interacts with the p53 protein. The E1B 55-kD and 19-kD 
proteins overcome the apoptosis induced by El A functions, 
and they use different mechanisms to do so. 437 The E2A and 



E2B regions encode three proteins required for viral DNA 
replication: the 72-kD single-stranded DNA binding protein, 
DNA polymerase, and the precursor to terminal protein. 384 
The E3 region is not essential for the viral reproductive cycle 
in cultured cells but is involved in modulation of host immune 
responses in vivo. 146 - 441 The E4 region encodes proteins of 
varied functions, one of which is involved in transactivating 
the E2 early promoter by stabilizing the binding of the host 
transcription factor E2F to the E2 early promoter 292 (see Func- 
tions of pRB Proteins and E2F Proteins). The L regions en- 
code virion and morphogenic proteins. 

Papillomaviruses 

Pa pillomaviruses co ntain a double-stranded , covalently 
closedTci r cular DNA genome ot about 7600 to 87KTnTp jio^>I 
quence analyses reveal that a similar genomic organization is 
shared by the human and animal papillomaviruses, with all 
substantial open reading frames (ORFs) distributed along one 
of the DNA strands (Fig. 12-1); T en percent of the genome ha s 
no o bvious ORF but contains transenpu o n^ regulatory ^e- 
quence s^oneormore prompters, anoTthe jorigin of DNA rep li- 
cation.^' 111 llus segment is variously designated the upstream 
regulatory region (URR), the long control region, or the non- 
coding region. Detailed analyses of viral transcription in le- 
sions induced by HPVs.'by BPV-1,"> or by GRPV 287 and in 
cell lines containing HPVt or BPV-1 10 demonstrate that all 
mRNAs ar e ind eed transcribed from the same DNA strancL 
Alternative l y spliced mRNAs are derived from several pro - 
mpters, enabling the viruses to produce more protein s than 
^OKhs ^he mRNAs are polyadenylated at the i' end or theTT~ 
region or the 3 f end of the L region. 

The proteins encoded by the transcripts (or deduced from 
their sequences) are generally analogous among the papillo- 
maviruses, the E-region proteins comprised one or more 
forms of E6; E7; one or more forms of El and of E2; E1 A E4; 
and zero, one, or two distinct E5 products (Table 12-3). To- 
gether, these are responsible for viral transcription regulation, 
viral DNA replication, and pathogenesis. The L region en- 
codes the major LI and minor L2 capsid proteins. The desig- 
nations of the E and L regions of papillomaviruses were 
initially made by functional analogy to the transcription pro- 
grams and gene products of SV40, polyomaviruses, and hu- 
man adenoviruses, which complete their lytic infections of 
permissive cells in culture within 48 to 12 hours. However, 
the successive stages of the productive life cycle of a papillo- 
mavirus are correlated with the squamous epithelial cell dif- 
ferentiation program that takes place over a period of 2 or * 
more weeks (see later discussion). 

One feature that differentiates the high-risk mucosotrophic 
HPVs from the low-risk types (see later discussion) is the - 
presence of one (HPV-18) or two alternative (HPV-16) splices 
within the E6 exon in a fraction of the transcripts. The splices 
not only remove parts of the E6 coding sequences but also al- 
ter the reading frame in the downstream exon such that trun- 
cated E6 proteins (termed E6* and E6**) are generated. The 
frameshift terminations increase the nucleotide spacing before 



•References 66, 74, 75, 1 12, 286, 297, 333, 363, 372, 376, 432. 
tReferences 11, 120, 184, 191, 208, 285, 328, 332a, 347. 
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FIG. 12-1. Human papillomavirus (HPV) genome structures, transcription, and proteins. The genome 
organization of HPV-11 (7933 bp) is shown as representative of HPVs. The circular HPV genome was 
lineanzed in the upstream regulatory region (URR) for ease of representation. All open reading 
frames (ORFs) denoted by open boxes, are encoded by the same DNA strand. Dotted vertical lines 
signify the first AUG codon in the ORF, which is the initiation codon, except when removal of the E4 
AUG by mRNA splicing occurs, as in E1 i*E4. The arrows indicate direction of transcription, the arrow- 
heads denote the polyadenylation signals, and the black dots indicate the 5' ends. Three of the 5' 
ends reflect the location of the promoter (bent arrowheads). Gaps in arrows signify spliced-out in- 
«l! S " T 7.!? RF co , ntain e d witnin each message is shown as an open box over the mRNA. E5a and 
E5b might be translated from RNA species a through j. Proteins that are known or suspected to be en- 
coded are listed at the right of each message. The symbol A represents a fusion protein derived from 
different ORFs brought together after mRNA splicing. The organization of other HPV types and of 
4 ^^'"T^w se{? l? similar and encodes many of the same proteins. The most notable feature 
cUvTu 9 ."" • " 1 8 P res ence of one or two alternative splices within the E6 ORF (designated 
t6 ). The locations of promoters may also vary in individual virus types. The nucleotide positions of 5' 
ends, splice sites, and polyadenylation signals are indicated. 



TABLE 12-3. Human papillomavirus proteins and functions 



Protein 
E6 ~ 



E6* " 

E7 

E1 

E2 

E2C 

E1M A E2C 

E4 

E5 

L2 
L1 



Function 



Inactivation of p53, bypassing p53-mediated G, arrest or apoptosis; interaction with putative 

calcium-binding protein p55 
None identified (a result of mRNA splicing, found only in high-risk mucosotrophic viruses) 
Inactivation of pRB family of proteins . 
Initiation and elongation of viral DNA replication 
Initiation of viral DNA replication; regulation of viral promoters 
Regulation of transcription and replication 
Regulation of transcription and replication 

Colocalization with keratin intermediate filaments; functions unknown 

Enhancement of signal transduction by epidermal growth factor receptor (most human or animal 

papillomaviruses have one or two E5 proteins; the epidermodysplasia verruciformis viruses have none) 
Minor capsid protein ' 
Major capsid protein 
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translation reinitiates at the E7 AUG codon^a^coj^ qi ifn fe 
post ulated to permit effici ent E7 s ^gielisT ^ow Nonethe- 
less, E7 protein is clearly translated fronfwild-type or mu- 
tated unspliced E6-E7 messages with good efficiency in some 
HPV types «« | 9°.32W79.«3 

NATURAL HISTORY OF 
HOST-PAPILLOMAVIRUS INTERACTIONS 

The adenoviruses, S V40, and polyomaviruses are tradition- 
ally propagated in permissive cultured cells and basically 
characterized through their lytic modes of infection. This in- 
vestigative strategy in vitro worked quite well until efforts 
were made to carry out similar molecular and genetic analysis 
of the papillomaviruses. No member of the papillomavirus 
family can be grown in conventional cell cultures. This re- 
striction led to extensive studies of papillomavirus patho- 
genesis in humans, the natural hosts. Such investigations in 
vivo provided opportunities to appreciate the natural history 
of DNA virus infection and to reveal new insights into the 
functions of the cellular proteins that the oncoproteins of the 
DNA tumor viruses all target. This section describes the nat- 
ural sites of infection of the papillomaviruses, host cell prolif- 
eration, differentiation and apoptosis, and the induced dis- 
eases. 



Diseases Associated With Papillomaviruses 

PapiUomaviruses infect many vertebrate animals and hu- 
mans, with each virus type exhibiting stringent specificity for 
host species and epithelial tissue at preferred anatomic sites. 
Overt benign infections are manifested as warts. A small frac- 
tion of the lesions associated with certain human or animal vi- 
ral types may progress to dysplasias, carcinomas in situ, and 
invasive cancers. Progeny viruses are produced only in warts 
or low-grade squamous dysplasias but not in columnar epithe- 
lia or in higher-grade dysplasias or carcinomas. 

Animal Papillomaviruses 

Among papillomaviruses, BPV-1 has a relatively broad cell 
type specificity. It infects keratinocytes and fibroblasts, caus- 
ing fibropapillomas in cattle. However, productive infection 
takes place only in differentiated squamous epithelia, 180 as 
with all other human and animal papillomaviruses. BPV-4 
causes epithelial hyperproliferation in the alimentary tract in 
cattle that can progress to cancer if the animals consume 
bracken ferns, which contain the carcinogen quercetin. 31 As 
mentioned previously, CRPV causes warts in the native host 
(cottontail rabbit) that occasionally progress to cancer. Warts 
induced in experimentally infected domestic rabbits do not 
produce progeny virions. These warts may regress, but pro- 
gression to cancer occurs at a relatively high frequency. 

Human Papillomaviruses 

More than 100 genotypes of human pap illomavirus have 
been cloned from diverse epithelial lesions. 110 Phylogenetic 



analyses have classified the HPVs into several major groups 
that correspond closely to their anatomic predilection and 
clinical manifestation" (Fig. 12-2; Table 12-4). Virus types 
are consid ered distinct if the genome exhibits more" than 10% 
se quence divergence T he concept of virus evolution and sp*. 
ciation is reinforced by the absence of intertypic recombi- 
nants. 



Cutaneous Viruses 

Plantar and palmar warts caused by HPV-1 or -4 are benign 
but can be painful and debilitating. HPV-3 and -10 cause be- 
nign juvenile flat warts, and HPV-2 and -57 induce common 
warts. These latter four viruses have dual tropism and can also - 
be found in the ariogenital tract; they have many of the signa- 
ture sequence characteristics of the mucosal group. HPV-5, -8, 
-47, and closely related types cause the very rare disseminated 
flat wart disease epidermodysplasia verruciform is (EV). 193 * 251 .*** 
Many of the affected individuals have inherited deficiencies 
of the cell-mediated immune system (see Host Immune Re- 
sponses). In sun-exposed areas such as the face and neck, EV 
lesions often progress to squamous carcinomas. The spread of 
human immunodeficiency virus (HIV) and the increasing 
number of organ transplantations with accompanying pharma- 
cologic immunosuppression have led to an increase in the in- 
cidence of EV virus-associated lesions. 26 * 38 . 1 ™ 

Mucosotrophic Viruses 

HPV infections are the most common venereal diseases of 
viral origin. The 40 or more types of HPV trophic for the mu- 
cosal epithelia lining the anogenital and aerodigestive tracts 
have attracted the preponderance of attention from the med- 
ical, epidemiologic, and basic research communities because 
they are responsible for an exceptional amount of morbidity 
and mortality. 461 * Subclinical infections typically extend be- 
yond the overt lesions, and infected cells from the margin can 
repopulate the epithelium and reestablish the lesions after sur- 
gical removal or ablation. Reinfection by partners is very 
likely. Repeated physical trauma and tissue damage provoked 
by other sexually transmitted microbes can promote the pro- 
liferation of HPV-infected cells and elevate viral gene expres- 
sion, possibly leading to reactivation of subclinical infections 
or progression. Moreover, the epithelial sites of infection are 
frequently exposed to mutagens. 

On the basis of the potential for neoplastic progression, the 
HPVs are considered to confer either a low risk or high risk ' 
(see Table 12-4). The most common low-risk types, HPV-6 
and its close relative HPV-1 1, typically cause benign exo- 
phytic genital warts, which rarely progress to higher-grade 1e- - 
sions. However, at a very low frequency, these viruses can be 
transmitted to newborns during delivery or to fetuses in utero, 
leading to a life-threatening, recurrent respiratory (laryngeal) 
papillomatosis. 106 -* 69 Laser surgical ablation may be required 
every few weeks to few months in these patients to maintain 
an open airway. However, repeated laser excision and wound 
healing processes lead to the rapid regrowth of the papillomas. 
Furthermore, tracheostomy during respiratory emergency can " 
sometimes cause the viral infection to spread down the tra- 
chea. Very rarely, infections can extend into the bronchia and 
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HPV Phylogenetic Relationships, Target Epithelfa, Disease Manifestations, and Oncogenic Risk 
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FIG. 12-2. Phylogenetic relations of representative human papillomavirus types based on the DNA 
sequence of the amino-terminal half of the E2 gene. The typical epithelial sites of infection and the po- 
tentials for neoplastic progression {bold) are indicated. (From Zhu QL # Smith TF f Lefkowitz E; Chow 
LT, and Broker TR. In: Nucleic Acid and protein sequence alignments of human and animal papillo- 
maviruses constrained by functional sites. University of Alabama at Birmingham. 137 pages ) 



lungs and result in pulmonary infections, pneumonia, septic 
cavitation, and respiratory failure. 216 This downward spread is 
probably caused, by the lateral growth of infected cells in re- 
sponse to wound healing. Adults may also develop recurrent 
respiratory papillomatosis as a result of horizontal transmis- 
sion, but the symptoms are usually less severe and require less 
frequent surgical intervention. 

The most common high-risk types that infect the exocer- 
vix are HPV-16 (and related viruses such as HPV-35, -33, and 
-31), and HPV- 18 (and the related types HPV-39 and -45), 
which cause condylomata and squamous intraepithelial le- 
sions (SIL; see Pathologic Changes in HPV-Associated Dis- 
eases). Among sexually active women screened in numerous 
epidemiologic surveys, 25% to 45% of the individuals were 
found to be positive for HPV DNA by PCR amplification. 344 
However, only about 10% of HPV-positive women exhibit 
overt symptoms of infection as revealed by colposcopic ex- 
amination or cytologic evaluation of Papanicolaou (Pap) 
smears; thus, most of the infections are latent or subclinical. 
With time, lesions either regress or persist, with only a few 
percent eventually progressing to high-grade SIL, squamous 
carcinomas in situ, or carcinomas. In the columnar cell lining 
of the endocervical mucosa, adenocarcinomas in situ, invasive 
adenocarcinomas, or small cell neuroendocrine carcinomas 
can arise from infections by the high-risk HPV types. 385 Infec- 



tions by HPV- 18 are less comm on than those by HPV-16 but 
aggear_jo J>e much mor e aggressive! they recur more~fre- 
quently and progress raster. ine high-nsir vmicpc 
been found in up to 25% of esophageal cancers. A novel virus 
most closely related to the EV types has been identified in 
about 10% of esophageal cancers 410 

The high-grade SIL are routinely treated by, gynecologists 
and gynecologic oncologists by physical removal of the le- 
sions anil ablation of the metaplastic squamocolumnar (trans- 
formation) zone, from which most of the severe lesions arise. 
Hysterectomy is performed if lesions have progressed to car- 
cinomas. The widely practiced Pap smear screening and treat- 
ment are the reasons for the relatively low cervical cancer in- 
cidence and death rates in developed countries. In developing 
countries, where early detection and treatment are not readily 
available, more than 500,000 new cases of cervical cancer are 
estimated to appear annually. 440 Many of these patients even- 
tually die of progressive, metastatic disease; cervical cancer is 
the leading cause of cancer death for women younger than 35 
years of age in much of the world. Males certainly harbor and 
transmit HPV infections, yet they usually have less severe dis- 
ease, presumably because of hormonal influences; infection is 
less likely to be detected, because a Pap smear equivalent for 
men is not commonly practiced. The spectrum of disease in 
males ranges from benign penile and anal warts to dysplasias 



HPV Type 



TABLE 12-4. Human papillomavirus types, anatomic sites, diseases, and risk for progression 



Anatomic sites 



Diseases 



Risk of cancer* 



1,4 
2, 57 
3,10 

5 ( 8, 47, and related 
6,11 

16, 18,31, and related 



Sole, palm 
Cutaneous, genital 
Cutaneous, genital 
Face, trunk, esophagus 
Anogenital, larynx 
Anogenital, esophagus 



Plantar warts 
Common warts 
Flat warts 

Epidermodysplasia verruciformis 
Benign warts 

Flat condylomata, dysplasias, carcinomas 



No 
No 
No 

Very hight 

Low 

High* 



•Immunosuppression increases rate of reactivation and risk of progression. 
t30% to 40% undergo neoplastic conversion in sun-exposed areas. 
*1 % to 3% progress to carcinomas. 
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and carcinomas; worldwide, there may be as many as 100,000 
new cases of penile carcinoma annually. 



Permissive Host Tissues 

To understand and appreciate HPV infection and pathogen- 
esis, it is essentia] to consider the permissive host tissues — -the 
squamous epithelia — and their potential for growth and differ- 
entiation (Fig. 12-3). A normal squamous epithelium is com- 
posed of multiple layers of keratinocytes that form several 
morphologically distinct strata: the basal, parabasal, and spin- 
ous cells. In cutaneous skin, there are one or two additional 
layers of granular cells above the spinous cells, topped off 
with the nonliving stratum corneum, which is composed of 
highly crosslinked cell matrices and envelopes. Each stratum 
expresses distinct growth- and differentiation-stage specific 
host genes. The basal cells, some of which are thought to be 
stem cells, 196 rarely divide except during wound healing and 
periodic replenishment of parabasal transit amplifying cells 
that have exhausted their life span. Most of these cells are 



therefore negative for the proliferating cell nuclear antigen 
(PCNA), the processivity factor for DNA poiymerase-8 that is 
necessary to support DNA replication. 105 The basal cells ex- 
press the basic/acidic keratin pair K5/K14 (for keratin nomen- 
clature, see Moll and colleagues 273 ). The parabasal cells are 
transit amplifying cells that have committed to differentiate 
but still maintain the ability to complete a certain number of 
cell divisions. 21 Most of these cells are positive for PCNA, in- 
dicating that they are continuously cycling to generate daugh- 
ter cells that move upward while undergoing terminal differ- 
entiation. 105 

Above the parabasal cells are several layers of spinous * 
cells, as well as granular cells in the cutaneous skin. The 
spinous keratinocytes and granulocytes are differentiated 
cells that have withdrawn permanently from the cell cycle 
and no longer replicate their DNA; they are uniformly nega- 
tive for PCNA. These interpretations are consistent with 
pulse-labeling experiments in which 3 H-thymidine was in- 
jected into the skin of volunteers: the label was found only in 
the parabasal cells in skin biopsies. 162 All suprabasal cells, in- 
cluding the parabasal cells, no longer express K5 or K14; 
rather, they express Kl and K10 (or K4 and K13 in oral and 
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FIG. 12-3. Differentiation of normal cutaneous epithelium and viral activities in productively infected 
benign lesions. The various epithelial strata and the host differentiation-stage specific gene expres- 
sion are indicated in the left and center panels. In cervical and laryngeal epithelia, keratins 4 and 13 
replace keratins 1 and 10 in the differentiated cells. Although profilaggrin is also expressed in these 
two latter tissues, there are no granulocytes. Viral activities in the corresponding strata during produc- 
tive infection, deduced or inferred from in situ studies, are shown on the right. 



Small DNA Tumor Viruses / 275 



cervical squamous mucosa). The granular cells express profi- 
laggrin, a polyprotein precursor of filaggrin, which aggre- 
gates keratins into fibrillar bundles. Lipid is also synthesized 
in abundance and is covalently bound to the cell envelope. 435 
The cells then undergo programmed cell death and become 
flattened, with the RNA and DNA degraded by nucleases. 
The nuclear membranes break down, and the cells are con- 
verted to water-impermeable squames filled with crosslinked 
insoluble proteins. The continuous sheets of squame provide 
effective barriers to moisture exchange and to chemical and 
physical injury and infection, then eventually slough off. This 
process of orderly stratification and differentiation takes 
place over a period of a few days to a few weeks, depending 
on the body site. 162 

Under the basement membrane is the dermis, in which the 
fibroblasts— the principal cells— secrete collagen, elastih, 
fibronectin, and other matrix proteins that form the extra- 
cellular components to provide support as well as flexibility 
to the dermal-epidermal organ. The fibroblasts andkeratin - 
o cytes secrete growth modulatory proteins, notably ftpirf*r. 
jqaLgrowth factor (EGF) and tumq r growth factors a and B,. 
which tcntigal^^ growth and di fferentiation of both 

theTdermls and the epide rmis durin g~nofmal tnmn^ nr fy^y— 
and during""wouna neaunp. liTjddition. calci um and _ 
retinoids also affect the grow th and differ entiation of ker- 
afinTK^ytes.**^ ~~ — 



Pathologic Changes in HPV-Associated Diseases 

Histologically, a benign, clinically evident HPV infection 
exhibits an increased number of layers of transit amplifying 
cells and spinous cells, yet all the strata of a differentiated ep- 
ithelium are present. This augmented thickness of the epithe- 
lium constitutes a wart (Fig. 12-4). The mucosotrophic HPVs 
(see later section) also can cause inverted (Schneiderian) pap- 
illomas in the nasal cavity, in which warts grow downward 
into the dermis instead of upward above the normal epithe- 
lium- HPV infection doe s jiot cause cell lysis or premature 
\death, as do the othpTsmall DNA tumor v iruses in vlrxoT 
RaQjeTriirfecgSns prolong t he life span of the ker^fan oj^elbY, 
42aeniliagjhej^ between Jhej ime when a cell first, 
Jeaves the parahasaH^ ^ it undergoes conit ficjti^ 

and programme^ceird^ 

condylomata exhibit additional pathognomonic changes (see 
Fig. 12-4), such as koilocytosis in the upper spinous cells 
(characterized by an increased ratio of nuclear to cytoplasmic 
areas relative to uninfected cells and by a vacuole surrounding 
the nucleus), parakeratosis (residual nuclei in the squames), 
and hyperkeratosis (thickened superficial strata with delayed 
sloughing). These histologic features often correlate closely 
with high viral gene expression (see Papillomavirus DNA 
Replication) and viral DNA amplification. The various keratin 
and filaggrin genes are expressed in the morphologically ap- 
propriate strata. However, in contrast to normal epithelium, in 
which only the transit amplifying keratinocytes are positive 
for PCNA, a subset of the spinous and granular cells are also 
positive."* Yet mitotic figures are not usually found in these 
suprabasal cells of benign warts, and few if any aneuploid 
cells are detected. Polyploidy has been reported, but the topo- 
graphic distribution of such cells was not specified. 36 * 




FIG. 12-4. Histologic section of a condyloma. A 3-pm sec- 
tion of a formalin-fixed and paraffin-embedded biopsy spec- 
imen of a vulva condyloma was stained with hematoxylin 
and eosin. t, Underlying dermis with fibroblasts; 2, basal 
epithelial ceils; 3, transit amplifying cells; 4, lower spinous 
cells; 5, upper spinous cells with koilocytotic changes; 6, 
stratum corneum (squame) with parakeratosis and hyper- 
keratosis. 46 ? 



In low-grade or high-grade SIL associated with the high- 
risk HPVs, the morphology is clearly distinct from either nor- 
mal epithelium or condylomata in that increased layers of 
basal-like cells occupy suprabasal strata at the expense of the 
more differentiated spinous cell layers (Fig. 12-5). In carci- 
noma in situ, the full thickness of the epithelium is composed 
of basal-like proliferating cells. Infections of the glandular ep- 
ithelium of the endocervix may result in dysplasias and in pro- 
gressive neoplastic sequelae in which hyperchromatic basal- 
like cells replace the differentiated mucin^secreting cells. 
Through lateral proliferation, the glands become highly pleated 
and convoluted. In squamous cell carcinomas and adeno- 
carcinomas, the transformed epithelial cells have penetrated 
through the basement membrane to invade and spread into and 
through the dermis. In all high-grade dysplasias and carcino- 
mas of squamous and glandular epithelia, the expression of 
host proliferation- and differentiation-stage marker genes is 
altered. ^.ios^ Mitotic figures are present in suprabasal cells, 
and aneuploid cells can be detected. I39 ' 141 



Host Immune Responses 

Extensive serologic studies in patients have demonstrated 
antibodies that recognize HPV virions, virus-like particles 
(VLP), which are experimentally produced empty particles 
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PATHOLOGICAL STAGES OF PAPILLOMAVIRUS LESIONS 



Squamous Intraepithelial Lesion 



low Grade 



High Grade 



intraepithelial Neoplasia (eg. CIN) 




FIG. 12-5. Schematic description of 
pathologic stages of human papilloma- 
virus (HPVJ lesions. The low-grade 
and high-grade squamous intraep- 
ithelial lesions (SIL) formerly were 
termed cervical intraepithelial neo- 
plasia (CIN) grades I, II, and III; the 
correspondence is indicated. With 
increasing severity of the HPV-in- 
fected lesions, the differentiated cell 
layers decrease and the basal-like cell 
layers increase, until the entire ep- 
ithelium is occupied by such cells in 
carcinoma in situ. Further progres- 
sion results in invasive carcinoma, in 
which the cells break through the 
basement membrane and invade 
iand spread in the stroma. (Adapted 
from Wright TC, Kurman RJ, Fer- 
enczy A. Precancerous lesions of 
the cervix. In: Kurman RJ t ed. Blau- 
stein's pathology of the female geni- 
tal tract. 4th ed. New York: Springer- 
Veriag, 1 994: 229-277). 



(see Infection Processes), arid many of the HPV proteins, most 
notably E2, E7, LI, and L2.' 43 - 408 Although antiserum rais ed 
againstjIPV virions or VLP as well as^patient sera can neu- 
t ralize virus before infection of foreskin xenogra fts occursJ p 
nuilfeinice^see XenograftTirn^taymic or SClD Mice) 76,79332 
tnere is no evid ence that they are effective in prr ve nfi nc trans- 
missloii or eCininating infection in humans,. In one study, 
about 5tbfe ofcervical cancer patients demonstrated seroposi- 
tivity against HPV-16 E6 and E7, compared with 5% or lower 
positivity in control subjects. 11 1.277.420 These increased serum 
antibodies did not provide the patients with any protection. 
Rather, they may reflect an increased tumor cell load. Simi- 
larly, both T cell and humoral responses to CRPV LI and L2 
proteins become elevated during progression. 353 

On the other hand, polyclonal or monoclonal antibodies 
raised against BPV virions or VLP, as well as hyperimmune 
bovine sera, can neutralize murine cell transformation in vitro 
by BPV-1 viras.77.u5.205.325 Furthermore, inoculation with VLP 
or formalin-fixed virions confers to susceptible animals pro- 
tection against subsequent challenges. 25 - 43 * 398 BPV LI arid L2 
proteins and native CRPV El, E2, LI, and L2 proteins also 
can serve as vaccines or induce regression in animals, with 
variable effectiveness. 54 - 78 - 244 - 245 - 3 * 4 . 354 However, protection 
may be attributable to cell-mediated immunity rather than to 
humoral responses. Analyses of immune infiltrates in pro- 
gressing or regressing warts in CRPV are consistent with this 
interpretation. 294 

In regressing human lesions, cell-mediated immunity also 
appears to play a major role. 408 Skin warts often resolve spon- 
taneously without intervention. In regressing human warts, 
there are usually elevated levels of immune infiltrates. W- 327 
The observations that EV patients have deficiencies of cell- 
mediated immunity 85 * 148 - 290 and that cancer, organ transplan- 
tation, and AIDS patients develop warts and other HPV- 



associated lesions 101 - 144 ' 173 ' 195 - 361 are also consistent with this 
interpretation. Even transient immune modulation during p reg- 
nancy and physical and emotional stres scan jead to short-term 
je activatiori of subclinical infections or to more aggre ssive^ 
growth or warts: N ormal human keratinocytes express both 
class I arid II human leukocyte antigen (HLA) molecules. 
However, in HPV lesions, class I molecules are downregulated 
because of the loss of the transporter associated with antigen 
presentation. 200 There iis no clear picture as to whether or how 
class II molecules may be affected, 408 - 463 but there appears to 
be a genetic predisposition to malignant progression. It has 
been reported that women with HLA-DQw3 antigen appeared 
to have a higher risk for squamous cell carcinorna 431 In rab- 
bits, there is a correlation between a restriction fragment length 
polymorphism of the major histocompatibility complex class 
II genes and regression as opposed to malignant conversion. 165 
Epitopes of HPV oncoproteins recognized by mouse cyto- 
toxic T-cell have been investigated, 408 and vaccination with 
E6 or E7 proteins orpeptide can prevent tumor formation in 
syngeneic mice injected with HPV-transformed cells or cause 
rejection of transplanted tumors. 59 - 60 - 131 Several T-cell deter- * 
minants in the HPV-16 E6, E7, and LI proteins have been de- 
fined with the use of human peripheral blood mononuclear 
cells from asymptomatic individuals. 2 - 396 However, it is not • 
known whether T cells specific for these epitopes play a role 
in controlling infections, interferons have been used alone or 
in conjunction with cryotherapy or laser surgery to treat geni- 
tal and laryngeal papillomas. The effects have been variable, 
ranging from nonresponse and partial suppression to com- 
plete remission; recurrence is not uncommon after termina- 
tion of therapy. Interferon- 0 and -7 appear to provide more 
effective long-term benefit than interferon alfa-nl. 33 - 238 
These varied patient responses may be a reflection of hetero- 
geneity in the makeup of their immune systems. In vitro, ad- 
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diti on of interferon-a or -7 or leukoregulin. cy tokines se- 
cret cd by T lymphocytes and na tu ral killer cells pre sent in re- 
gressing warts, inhibited HPV- 16 transcript ion j n immortal- 
rzecf primary human keratinocytes_(PHKs>Tn culture. 204 ** 45 A 
jpDTentially important observation is that HP V- infected cells 
produce self-limit ing growth factors.* !*' v- 1 o^immbrtaliz e3 
h uman ker at inocytes secrete tumor necrosis factor-a, w hich 
i nhibits cell growth, and inte rleukin- 6, which is an inv 
nfunoregulatory cytokin e wltK antitumor propertie s. 253 ** 54 
Trie HP V-ip~enhattcer-b6 'promoter is downregulated by tu- 
mor necrosis factor-a and interleukin-la. 221 * 222 Perhaps "these 
complex interactions evolved between host and virus as part 
of the viral strategy to reach an equilibrium and establish a 
persistent infection. 

INFECTION PROCESSES 

Several obstacles have limited the study of HPV infection 
in vitro. First, only cutaneous HPVs generate virus particles in 
vivo in amounts useful for in vitro investigation, whereas the 
mucosotrophic HPVs produce few virions in natural warts. 
When HPV virions from cutaneous warts were used to infect a 
wide range of cultured cell types, including foreskin PHKs 
(the only primary human epithelial cells that are routinely 
available from medical clinics), viral DNAwa s_only tran- 
siend y maintai ned qinH only F-""gi^" viraJ^rlRN As wered e^ 
te sted, but no viruses were^ produced^ 75 - 228 - 400 Cloned DNA 
was largely lost or became integrated when transfected into 
PHK monolayer cultures. Epi somal persistence in the trans- 
fectedcells is rare a ndofoS y short duratio n 279 As discussed 
previously, BPV-1 virions ^>r DNA can transform rodent cell 
lines, but no progeny viruses are produced. Because transfor- 
mation requires a relatively long process of selection and 
growth of cells, it is not amenable to investigations of the in- 
fection process. 

Consequently, little is known about the mechanism of pap- 
illomavirus infection. Recent advances in the assembly of VLP 
from LI protein alone or from LI plus L2 proteins expressed in 
surrogate cells* have made it possible to initiate binding, up- 
take, and internalization studies. The "receptor" appears to be 
present in a variety of cell types from many animal spe- 
cies. 276 * 324 ' 423 Moreover, exogenously expressed viral El and E2 
proteins can replicate viral DNA in transiently transfected cells 
from a variety of animal origins and tissue types. 68 Therefore, 
the strict species and tissue tropism of papillomaviruses proba- 
bly derives from permissivity for viral gene transcription. 

It is peneralr y assumed that HPV establishes persistent in - 
fection? in stem cells after theep ithelium is wounded - as 
demonstrated after expOTmental mfection of cattle with BPV- 
1 br rabbits with CRPV. 40 - 217 I m possible that, stimulated by 
woimdJiea4iBg^nd4ir^^ the action of the viral E5 

gene product (see ES^olelhTT Ihe^ioTmally quiescent stem 
cells_arejn^bili2e d to establish <an inf ected cell population: 
A fter the womjoMiealin^ process is complete and the dermal- 
ep idermal organ has beerTres toreato tne maintenance state , 
the basal cells revert to quiescence, and most basal cells in a^ . 
wartremain negative for PCNA. However, the parabasal tran- 



* References 76, 159, 205, 206; 331. 339. 398, 422, 461. 



s it amplifying cel ls-hficomft more proliferative, resulting in an 
i ncrease in PCNA-positive cell layers, an effect pmhaMy 
caused by E5 acti yiticsJhe infected cells either proceed into 
a productive phase, culminating in the generation of progeny 
virions in the superficial, metabolically live cells (see next 
section), or the host immune surveillance keeps the viral ac- 
tivities in check, leading to a nonproductive, subclinical or la- 
tent infection. The lesions may regress, persist, or progress 
with time or with changing immune status of the patient. It is 
formally possible that the infections may also initiate in tran- ' 
sit amplifying cells such that, after these infected cells exhaust 
their life span, the infections are "cured." 

PAPILLOMAVIRUS GENE EXPRESSION IN VIVO 

Oyer ; the past decade, in situ analyses have been used to ex- 
amine viral transcription, DNA amplification, and protein pro- 
duction in a spectrum of patient ^pecimens. 73 ^^ On visual in- 
spection of the papilloma viral transcription and replication 
patterns, it is immediately obvious why all attempts to propa- 
gate the viruses in vitro failed. Radioacti vely labeled anti- 
sense riboprobes reveal RNA transcripts. The sense-strand ri- 
boprobes detect DNA amplification after denaturation. These 
experiments demonstrate: that both processes aire tightly linked 
to squamous differentiation in productive infections. These 
numerous investigations also provide compelling evidence that 
HPVs are the causative; agents; for a wide spectrum of epi- 
thelial lesions, such as condyloma^ neo- 
plasias, carcinomas in situ, and mv^ carcinomas. Regard- 
less of thek severity, whenever rtf V RNAs are eyident^there 
are associated pathologic changes. Conversely, i adjacent, 
histologically normal tissues, viral gene expression is not de- 
tected. The boundaries demarking histologically abnormal 
and normal tissues can be abrupt, and viral expression is fully 
concordant with pathologic changes. 

Very low levels of HPV DNA and a subset of viral E-region 
transcripts can be detected in histologically normal tissues adja- 
cent to benign lesions by Southern blot hybridization or PCR 
amplification^ 32 - 257 indicative of latent virus in these tissues. As 
already discussed, the extremely high sensitivity of PGR has 
been used to reveal HPV DNA in epithelia of a high proportion 
of healthy individuals without any clinical symptoms. Simi- 
larly, latent CRPV infection has been demonstrated in rabbits. 3 

Physical State of HPV DNA and Patterns of HPV RNA 
Transcription in Benign Condylomata or Papillomas 

In benign lesions, viral DNA is episomal, as shown by one- 
and two-dimensional Southern blot hybridizations of innu- 
merable specimens. The levels of viral gene expression and 
DNA amplification in anogenital warts are extremely hetero- 
geneous among different specimens and even among neigh- 
boring cells within a single specimen (Fig. 12-6A, B). Often* 
there is only a very low amount of viral RN A, with neither 
lifMA amplification nor LI antigen detectapte. In lesions in 
whlclrthe l ilfectiuii is ileaily pioduiUve, as' evidenced by 
abundant viral rnRN A, viral DNA amplification, and LI anti- 
gen positivity, the papilloma is typically a mosaic of cells pro- 
ductive of viral RNAs and DNA interspersed with nonex- 
pressing keratinocytes. Although little or no viral DNA or 
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RNA can be detected in the basal and parabasal cells even in 
proau^nv^les'tgnsT iow levels of replication and the transcript 
tion of the viral El and E2 genes necessary for episomai repli- 
Vratinn (see section onFa pillomavirus DNA Replicati on) rnnst 
fa ke place STTTli aTInFyiral DNAi s maintained during cell di- 
vision. In productive infections, there is a large increase in vi- 
ral transcription in the upper spinous cells; it may result from 
the upregulation of viral promoters during epithelial differen- 
tiation, or from an increase in DNA copy number, or both. 



In situ hybridizations with exon-specific riboprobes have 
been performed to distinguish the expression of individual or 
groups of overlapping messages (see Fig. 12-1).* The probes 
f^^^s^^ ^^^mM^m^m^m, similar 
^si^ ^^enerated by whole genomic antisense riboprobes 
(Fig. 12-7), because the v are by far the most abundiEmt mes- 
sages and alsoBecause all otner E-region messages also hav e 
^Tao wuatiedju iauu s panning these two ORE s^see Fig. 12- H. 





FIG. 12-6. Heterogeneity of viral DNA amplification, viral 
RNA expression, and host DNA replication in differentiated 
cells from benign laryngeal papillomas. Three cases of laryn- 
geal papillomatosis are shown. (A) Human papillomavirus 
(HPV-11) DNA amplification was 'detected by in situ hy- 
bridization with sense ^S-labeled whole genomic sense ribo- 
probes after DNA in the paraffin-embedded section was 
denatured. Original magnification 4 x , under darkfield illumi- 
nation, in which the signals appear as white grains. (B) HPV- 
6 messenger RNA expression in a paraffin-embedded sec- 
tion was detected by antisense ^S-labeled whole genomic 
antisense riboprobes. Original magnification 4 x , under dark- 
field illumination. Note that viral activities are heterogenous 
in different parts of the papilloma, (C) Host DNA replication 
was detected after autoradiography of 3 H-labeled thymidine 
incorporation in a freshly excised laryngeal papilloma caused 
by HPV-6. Original magnification 40 x , under darkfield illumi- 
nation. Note that not only did host DNA replication take place 
in some basal and parabasal transit amplifying cells, as ex- 
pected, but some differentiated cells in the upper spinous 
layers were also actively replicating their DNA. Arrows point 
to some of the basal and cell layers. 65 (Photomicrographs 
courtesy of D.C. Schmidt-Grimminger r T.R. Broker, and L.T. 
Chow). 
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A B 
FIG. 12-7. Human papillomavirus (HPV) gene expression in a condyloma and in a low-grade squa- 
mous intraepithelial lesion (SIL). (A) HPV-6 gene expression in a condyloma as revealed by in situ hy- 
bridization in a 4-pm paraffin-embedded section of a formalin-fixed biopsy specimen. A 3 H-labeled an- 
tisense riboprobe specific for the E4-E5 exon was used, and the photomicrograph was taken with 
bnghtfield illumination. The differentiation-dependent pattern of viral expression was essentially the 
same as when whole genomic antisense probes were used. Arrowheads point to basal cells. (B) Dif- 
ferentiation-dependent HPV-16 gene expression in a low-grade SIL as revealed by in situ hybridiza- 
tion with whole genomic ^H-labeled riboprobes photographed under darkfield illumination. Arrow- 
heads point to basal cells. (Photomicrographs courtesy of M:H. Stoler, L.T. Chow, and T.R. Broker) 



si gnals predominate, either because they arc primary tran - 
sgrjptfi not y^groc essed or b ecause fe e sequences represent 
re sidual intronlT^ pEce^^ and E5 mes - 

sagesja&jglaiivfrl ^^ the ^6^7^an script is typi - 

c ally 1Q3K, and th g increase in E6-E7 sigmdwith differentia - 
ti on, if obse rved, is much les s pronounced than that from the 
E4 and E5 RNAs « LI andL2 aan^cjjp ts are usually found in 
one or two Of the m o st Kiiperfirnl rrmta oftep j ? rm1y»c™oii 
fraction_o f the r^U s^Moreover, few of the LI RNA^posTBve 
cells produce the LI antigen, suggesting an additional regula- 
tion at the posttranscriptional level. Some of the enucleated 
comified squames are positive for viral DNA and LI antigen, 
indicative of packaged virions. Productive cells are not lysed; 
rather, packets of virions are shed in the comified envelopes 
as they slough off. 

This differentiation-dependent pattern of viral gene expres- 
sion also generally applies to the viral activities of BPV-1 and 
CRPV in productively infected papillomas. 1 *^* The distribu- 
tion of several specific mRNAs has been examined in bovine 
warts with the use of oligonucleotide probes specific for indi- 
vidual spliced transcripts for in situ hybridization. 19 When 
coupled with the information on BPV-1 RNA structures, the 
spatial and temporal utilization of alternative promoters and 
splice sites was revealed. Similar informative experiments 
have not yet been conducted with human specimens. 



* References 28, 47, 95. 125, 172, 387, 388, 389. 



Physical State of HPV DNA and Patterns of HPV RNA 
Transcription in Dysplasias and Carcinomas 

In high -grade dysplasias, carcinomas in si tu T and cancers , 
HPV _DNA is often, but not always, integrated into the host 
c hromosomes, as demon strated hy Southern hl ot hyhriHiya- 
tion^Ttus conclusion has also been reached from detailed ex- 
amination of viral gene expression by in situ hybridiza- 
tion, 96 ^ which revealed distinct changes in the ability to 
detect amplified DNA and in the patterns of viral RNA expres- 
sion (Fig. 12-8). With increasing severity of the lesions, viral 
DNA is less readily detected or not observable, consistent 
with a lack of vegetative amplification. The total viral RNA 
signal is usually reduced because of lack of epithelial differ- 
entiation and the absence of viral DNA amplification. In con- 
trast to the scarce signal in the basal and parabasal cells of 
warts, J& -E7 gene expression is elevated in the basal-like 
cells_of_high : g rade lesions and carcinomas indicating that a 
d eregulation of viral gene expression has occurred . The p at- 
tern and the amount ot viral transcription remain constant 
a cross^tteljouudary oetween carcinoma in situ aiuTtnvasrve 
cancer^ uggesting that c hanges in the expression of hos t 
ralhejj han viral gengs^re responsible tor neoplastic progress 
^sionjsee factors Involved in Progression). 

Exon-specific probes revealed not only the dysregulation of 
viral gene expression but also the physical state of the viral 
DNA.387 Conversely, in most cancers containing HPV- 18 and 
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qfegMftg^ ^ b ecause the polyadenylation signal and the poly A 
and additknTsite for meje arly_gen es are both located immprii- — 
ately downstream ot tEeE2^E4-E5 ORFs r thi ^rtWrn nflfflWfr . 
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RG- 12-8. Human papillomavirus (HPV) DNA integration 
and altered transcription and regulation. Viral DNA integra- 
tion is probably random. However, tumors often contain in- 
tegrated HPV DNA integrated in the E1-E2 region, accom- 
panied by deletion sequences spanning part or all of E1 
through LZ Cells no longer expressing the E2 or E1 gene 
may have a growth advantage because of the disruption of 
autoregulation of viral oncogenes by the E2 proteins. The 
diagram depicts events in which viral DNA integrates into a 
host gene between the host promoter (P H ) and upstream 
exon (ExU) on one side and the downstream exon (ExD) 
and polyadenylation site (pAJ on the other side. Integration 
can occur in either the sense or the antisense orientation 
relative to P„. In the sense orientation, the E6 and E7 mes- 
senger RNAs initiated from the viral promoter (P v ) are 
spliced from the E1 splice donor to host ExD and are 
processed by using the host polyadenylation signal. Pre- 
sumably, cycling cells expressing chimeric messages with 
an elevated stability relative to native viral RNA have a dys- 
regulated cell cycle control and a growth advantage. Tran- 
scripts initiated from the PH are not expected to encode the 
native viral L1 protein because the RNA may not traverse to 
the viral polyadenylation site (pAy) or may not be spliced to 
the L1 exon, be it in frame or out of frame. When integration 
occurs in the opposite orientation, viral transcripts initiated 
may not be properly spliced or polyadenytated unless there 
is a fortuitous host splice acceptor and pA H in the flanking 
host sequence. Transcription from the P H wpuld yield anti- 
sense viral RNA; as observed in some carcinomas. The an- 
tisense RNA would inhibit the translatability of the viral mes- 
senger RNA initiated from the P v . Shaded boxes, host DNA 
or RNA; thick solid line, HPV DNA or RNA; dot, 5' terminus 
of RNA; arrowhead, 3' terminus of RNA; dashed line or box 
with dashed border, nonfunctional RNA; bent dashed line, 
RNA splicing. 



tiaES^ptio^ has integrated into 

fosi&chrornosor nes ifr :tfae Hr or uKh with deletio n of 
4gjySsff^ (see Fig. 12-8). Sucli 

teteg fatiori even^ ORFs~rrom 
^^lj^prpnioters; and: dissociate the upstream t ranscribed re- 
gions trom^their ^polyadenyl ation sig nal, fu nc tional E&-ET 
gplNAsjmust then riise^ polyao^ylation signal and 3' cleav- 
af ^le^y^ from the ihte^ 

qpn site: Su^i^th^a ^^i^ej^ical carcinomas and in cell 

jjtjpSP^^ SiHa)^j^372.376 

gftavSlevated^^ahiljty 
aral^R^Ayand herice an increasedjr • 

JC^rotehtfryhis mRNA stabilization s 

considered to tel>p^ progression 
oTTesioTK in Viv6 ana^tp im mortaliza tion and transformation^ - 
qfce ll& in vitro ™* - ' 

' '^^^m^M^^^^^^^tm "^ a lly absent from 
Mgfasgrjag^^ sequence, , 
4gfcli^^ regi onsfrdm their up 

Sl feaiE^^ lTrNA signals 

are^oservea in sonie HP^l^ cancers but may be attributed to 
transcription from host promoters situated upstream of the in- 
tegrated viral genome. 387 Transcription from a host promoter 
across the integrated viral genome could also explain the de- 
tection of HPV antisense RNAs in some carcinomas. 171 ' 427 

An observation that merits consideration is the apparent 
natural selection for neoplasms in which viral DNA is inte- 
grated within the El or E2 ORE Became thefo^ 
proteins can eachioMhitJhe ffi promqterin transient transfec- ~ 
^Qj^exp eriments, sucha n Inte gratio n event could i n principle 
result in the upr egulation of the E6 p romo ter in proliferating 
^^^9^mmm^405 For BPV- 1 f theEl protein can also re- 
press the promoter responsible for the transcription of the E5, 
E6, and E7 genes. 236 * 334 ' 418 Altho ugh a direct repression of di e 
E6 promoter by HPV El proteinMrnot been demonstrated^ 
Hj^lg^andj^ DNAs interrupted in them or E2^gen$ 
i mmortalize PHKs~with increased efficie ncy 329 - 335 Exogenous 
expression of BPV-1 or HPV E2 proteins can repress the 
growth of some cervical carcinoma cells. 121 - 188 Yet, there is 
also evidence to the contrary. For instance, the rate of lesion 
progression in transgenic mice containing the HPV- 16 E re- 
gion with or without the El or E2 genes remains unchanged, 6 
sjiggegtin g that neither E2 nor El protein plays a critical role> 
i n contro lling the expression of the, HPV onco genes f rom an > 
integrated genoriie in Vivo, i her estnction of ttie~E6 projnote< 
activit y to the differentiated cefis in epith ejjaljgg^ cultures in 
t ^e ahsence ^ fjEL^a nd E2 pro tejnj^also^in^ ^ E2 
pc^eins jre not res p onsible for the low activities in the Dasa l 
and parabasal ceUs^Tsee later discussion!. Furthermore, the^ex- * 
pression ofE 2 protein transactivat ejviral transcnption^nd 
increaseT"the effi^nc^^f-imxnoi taliT^Qn or transfer 
tion^^g^-TK^^pflicring faults h flW * nnf he^n resolvedV ■ 



tut^ may be^ xjjla jnfiH h y^thA ^iffftrent lev els^and jrelative 
amounts of E2or E2C pr xUein^x^ressed4n-theuli^ 
ty pes, in w hich l>otf ^the intrinsic viral prom oter activity and 
meTnTeractionsT)^ 

Tory-uTido^ from the issue of the loss of E l 

"and E2 proteinsTviral transcriptional activity from the inte- 
grated state may also vary depending on the chromosomal lo- 
cation, perhaps related to the local chromatin structures, state 
of methylation, and nearby host promoters or enhancer ele- 
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ments. This is best illustrated by distinct transcriptional re- 
sponses of the integrated HPV-1 8 in different cervical carci- 
noma cell lines to treatment with glucocorticoid. 424 

EXPERIMENTAL SYSTEMS FOR PRODUCTIVE 
PAPILLOMAVIRUS INFECTION 

Xenografts in A thymic or SCID Mice 

A human xenograft system has been developed in which 
large quantities of HPV-1 1 and HPV-1 can be produced. 34 - 178 ^* 
Neonatal foreskin or fetal skin infected with wart extracts is 
grafted under the renal capsule, the peritoneum, or the sub- 
cutis of athymic (nude) mice or severe combined immunode- 
ficient (SCID) mice. Over the course of a few months, the in- 
fected human epithelia develop into internal cysts or skin 
warts from which abundant virions can be recovered. The in- 
fected tissues or virions purified from them can be serially 
passaged. 

Two additional systems have also resulted in virion produc- 
tion or capsid protein synthesis. In the first, cells from an im- 
mortalized cell line derived from an HPV-1 6-containing dys- 
plasia were grafted onto the flank of a nude mouse under an 
implantation chamber; the keratinocytes stratified and differ- 
entiated, and virions were detected. 382 In the second, gold pel- 
lets were coated with cloned HPV-1 6 DNA and impelled with 
a "gene gun" into human foreskin grafted onto the skin of a 
SCID mouse; LI antigen was eventually detected 41 Virus par- 
ticles have not been recovered from these latter two systems. 
Mutagenic analyses of CRPV genes have begun by introduc- 
tion of CRPV DNA into rabbit skin by scarification or the 
gene gun. 40 

Epithelial Raft Cultures 

Epithelial raft cultures, also termed organotypic cultures, 
are composed of primary neonatal foreskin or adult cervical 
keratinocytes cultured on a dermal equivalent consisting of 
feeder fibroblasts and type I collagen. If the assemblies are 
raised to the medium-air interface for a week or more to 
mimic the natural environment of skin, the keratinocytes un- 
dergo orderly proliferation, stratification, and differentiation. 
This system was developed by cell biologists starting in the 
late 1970s. 7 * 24 - 214 It was first applied to papillomaviruses to 
examine the effects of transfected HPV-1 6 on epithelial dif- 
ferentiation. 260 The degree of differentiation achieved by PHK 
in vitro under different conditions has been compared with 
that in the native foreskin. 439 

The raft system was adapted to culture of epithelial tissue 
chips explanted directly ex vivo onto the dermal equivalent. 
When the system was set up with HP V- Uninfected foreskin 
xenografts in nude mice, the infected keratinocytes grew out 
from the tissue explants as an expanding apron of cells, then 
stratified and differentiated over a period of 2 to 4 weeks. 118 
The patterns of viral gene expression, DNA amplification, and 
virion assembly in vivo were recapitulated in the stratified out- 
growth. Under conditions in which the outgrowth was allowed 
to stratify but was restricted from differentiating, viral genomes 
were maintained for several weeks in the keratinocytes, but 



only the E4-E5 RNA could be detected readily. Tjie_ El and E2 
gene expression essential for episomal replicati on was inferred 
from the persistence of the genome. H owever, there was no^3e^ 
tectible E6-E7, L2, or LI KN A, nor was PCNA induced or vi- 
ral DNA amplified. This was the first time that viral activity 
was experimentally modulated in vitro. Several conclusions 
could be drawnrfigM^^ and E5 mRNAs are im- 
mediate early, noTaepe ndent rm erjithejia ^fferenUation^ 
J)NA amplification: seconds me expression of E6-E7 genesis 
correlated with epithelial differentiation: and third, the ah-. 
se nce of PCNA induction and viral DNA amplification is c or- 
r elated wiffi the lack of E6-E7 gene expression, implicating 
one ToTpoin genes in viral DNA amplification in the differen ti- 
ated cells. ~ " ■ — 

A cell line that was derived from a low-grade cervical dys- 
plasia and contained episomal HPV-31b DNA also produced 
virions in raft cultures, but only if thej cultures were treated 
jwfth 12^Q-tetradecanoylr^orbol-13-acetate (TPA> or other 
aetivatorspf pro tein kinase C ( e.g., synthetic diacylglycerols) 
that promote and accelerate terminal differentiation. 185 - 266 
These results again demonstrate the importance of terminal 
differentiation in the life cycle of papillomaviruses. Initial ef- 
forts to achieve the productive program in primary keratino- 
cyte rafts with transfected DNA have been successful with 
HPV-31* 37 but not with HPV-11 or -16. 4 * To date, it has not 
been possible to infect PHK in raft cultures with virions (S.C. 
Dollard, T.R. Broker, LT. Chow, unpublished results). 

PAPILLOMAVIRUS DNA REPLICATION 

Because of the inherent limitations in studying the produc- 
tive life cycle of papillomaviruses in vitro, two methods were 
developed to investigate the mechanisms of human and ani- 
mal papillomavirus DNA replication. 72 In the first, transient 
replication in efficiently transfected cells was used to identify 
the origin of replication and the essential viral replication pro- 
teins.* In the second, cell-free replication of plasmids was 
achieved in mammalian cell extracts supplemented with ri- 
bonucleoside and deoxyribonucleoside triphosphate substrates 
and purified viral replication proteins after their expression in 
insect S£9 cells or bacteria. 32 2I 9. 262 27 M53 Both methods 
demonstrate that the full length El and E2 proteins and their 
cognate binding sites that are located in close proximity in the 
URR are required for efficient origin-specific replication. 
Thus, the papillomaviral replication origin overlaps the E6 
promoter, just as in the sequence relation between the SV40 
or polyomavirus origin and the early promoter elements 
where T antigen binds. 

The El protein is a DNA-dependent ATPase and a, DNA 
heficase.^ 1 "^^ It is required for both initiation and elon- 
gation of DNA svnthes jsJ 46 The E2 protein was first identi - 
fi ed as a transcription regulatory protein, whic h either activates 
or represses. promoters containing tne nz binding sites as de- 
termined by sequence context . 163 . 4 ' 4 E2-, pro tein also serves 
mul tiple functions fo r replication initiation, it precludes nu : 
cl eosome tormation around the origin, thus facil itating th e 
assembly ot replication imuauon complexes on the origin, 240 
and "stabilizes bi protein binding to The origin. w*>.2MUSM5i 



* References 67, 68, 102, 136, 152, 175, 249, 322. 399, 415, 416. 
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E2 also helps El recruit the host r eplication proteins to the 
Origin, but appears not to be ne cessary Hiiijn^elong ation. 2 46 
ElM A E2C and E2C proteins repress replication , 67 - 24 * 

The large T antigen of SV40 and polyomavirus fills the 
same roles in viral DNA replication as do the El and-E2 pro- 
teins of papillomaviruses. 130 For these small circular DNA tu- 
mor viruses, all the other proteins necessary to support DNA 
replication at the fork are supplied by the host cells* including 
DNA polymerase-ot/primase, DNA polymerase-8and its co- 
factors PCNA and RFC, RPA (single-stranded DNA binding 
protein), topoisomerase I, topoisomerase H and DNA lig- 
ase. 219 * 383 * 453 The adenoviruses, encode their own replication 
proteins: the DNA polymerase, a 72kD single-stranded DNA 
binding protein, and the precursor to the terminal protein, 
which binds to the DNA termini and serves as the primer for 
initiation of replication. 362 - 419 In contrast to the large her- 
pesviruses and vaccinia viruses, none of these small DNA tu- 
mor Viruses encodes any of the deoxyribonucleoside triphos- 
phate synthetic or salvage enzymes necessary to supply the 
substrates for replication. 

The requirements for DNA replication machinery and for 
deoxy ribonucleotide synthetic enzymes do not present a prob- 
lem for the polyomaviruses or the adenoviruses in cultured 
cells because they replicate in proliferating cells or can stimu- 
late G 0 cells to reenter the cell cycle, a function of the viral on- \ 
coproteins. However, in vivo or in vitro papillomaviruses am- 
plify their DNA extensively only in cells that have withdrawn 
from the cell cycle and are undergoing termin al differentia- 
tion. T hese cells are normally negative for DNA polymerase- 
ct and for PCNA 10 *- 283 and probably lack many of the other 
proteins and enzymes necessary to support DNA replication. 
Accordingly, it would a ppear that th e_ papillomaviruse s must 
reactivate al] thesft hostgeries ro su pporttheir replication, an d 
in deedthey do so in the differentiated keratinocytes of benign 
l esions w ithout prnmn^ n pr r^]\ division 

To this end, PCNA is induced in spinous and granular ker- 
atinocytes in productive lesions regardless of virus type. 105 
Not only does viral DNA replicate in these differentiated cells, 
but extensive host chromosomal DNA replication also takes 
place 65 (see Fig. 12-6C and the section on functions of viral 
oncoproteins). Clearly, this ability to reactivate host DNA 
replication machinery can help to explain the oncogenic prop- 
erties of certain HPV types in vitro and in vivo in the event 
that the viral oncoproteins are inappropriately expressed in 
cells that maintain the ability to divide (see later discussion). 



BIOLOGIC ASS AYS FOR ANIMAL 
PAPILLOMAVIRUS ONCOPROTEINS 

Transformation of Rodent Cells In Vitro and 
T\imorigenicity in Nude Mice 

BPV-1 virions or cloned DNA transform the established 
murine fibroblast cell lines NIH 3T3 and CI 27 based on fo- 
cus-formation or anchorage-independent growth in soft 
agar. 126 -** E6 and E5 are the responsible oncogenes (see Table 
12-2). ,80 ' 3 *> Th e transformed cells are tumorigenic in nude 
mice, although BPV-1 normally causes only benign fibropa- 
pillomas in catde. An efficient in vitro transformation system 
for CRPV in cultured rabbit skin cells has been developed. 266 * 



Three CRPV oncoproteins were identified : the E7 protein and 
Jw oE6 proteins translated from separate mK N A£ using diffe r^ 
ent in-frame AUG initiation codons . In collaboration with aiT 
activated H-ras protein 296 the E5, E6, or E7 protein of a rhesus 
monkey papillomavirus are also capable of transforming pri- 
mary baby rat kidney cells in vitro and of tumorigenicity in 
nude mice. 

Of the animal papillomaviruses, the BPV-1 oncoproteins 
have been most thoroughly investigated. The BPV-1 E6 pro- 
tein is 137 amino acids long, has four CXXC motifs, and folds 
into two zinc finger-like domains important for the transfor- 
mation activity. Unlike the HPV E6 proteins, BPV E6 appar- 
ently does not bind p53. A 55-kD calcium-binding protein, 
ERC-55, localized in the endoplasmic reticulum, was found to 
bind to BPV-1 and HPV-16 E6 proteins and was designated 
E6-BP. 58 The abilities of BPV-1 E6 mutations to transform ro- 
dent cells correlated with binding to this protein, which was 
postulated to mediate a p53rindependent pathway of E6 trans- 
formation. The mechanism remains to be elucidated. 

Hie BPV-1 E5a protein has been characterized in de- 
tail It is a transmembrane protein, 44 amino acids long, 
targeted to the plasma membrane, the Golgi apparatus, and the 
endoplasmic reticulum. It dimerizes through two cysteine res- 
idues and forms a ternary complex with a 164cD pore-forrning 
protein component of the vacuolar H + adenosine triphos- 
phatase (H+-ATPase) and with the 0-type platelet-derived 
growth factor (PDGF) receptor through its transmembrane do- 
main. 150 * 1 *^ E5a activates the PDGF receptor in a ligand- 
independent manner. 122 * 323 ** 78 E5a protein also interacts with a 
125-kD a-adaptin-like molecule which may play a role in 
coated pitmediated surface receptor endocytosis, hence affect- 
ing signal transduction and transformation. 81 If cotransfected 
with a vector expressing the EGF or colony stimulating factor- 
1 receptor, BPV-1 can also activate their signal transduction 
pathways. 258 However, BPV-1 E5a does not transform cells via 
the endogenous EGF receptor. 151 ^ 89 The E5a protein is present 
in fibropapillomas. 49 Because epithelial cells normally do not 
express the PDGF receptor, the function of the E5a protein in 
the epidermal component of the fibropapilloma is not clear. A 
hydrophobic, 52-amino^acid protein encoded by the BPV-1 
E5b GRF has been identified. 291 It does not transform the 
murine CI 27 cell line but does modify the processing of the 
endoplasmic reticulum calcium-binding protein, calreticulin 
(CRP55). It is intriguing that the BPV-1 E6 and E5b, and HPV 
E6 protein each associate with calcium-binding proteins in the 
endoplasmic reticulum, and that two of the three host proteins 
(Nip 1, 2, 3) with which the adenovirus E1B 19-kD protein and 
the host Bcl-2 protein interact also contain putative calcium- 
binding sequences. 39 The adenovirus 19-kD protein has a short 
sequence homology with Bcl-2, and they are functionally anal- 
ogous in overcoming apoptosis triggered in response to a num- 
ber of conditions. 437 In epi thelial cells, high c alcium concen - 
trations trigger termination differentiation . By modulating the 
calcium-binding proteins, the viruses may disrupt the normal 
control of intracellular calcium, delaying programmed cell 
death to provide more time for viral reproduction. 

Transgenic Animals 

Transgenic mice containing 1.69 copies of the BPV-1 
genome (with a duplicated E region) have been established 
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and examined. 179 The mice developed fibromatosis, which 
progressed to fibrosarcomas with time or at sites of wounding. 
Viral transcripts were detected in pathologically affected tis- 
sues but not in normal skin, and the level of transgene tran- 
scription remained constant during progression, suggesting 
that mutations accumulated in critical host genes during ex- 
cessive proliferation. 

In a dramatic demonstration, transgenic rabbits expressing 
CRPV developed papillomas within a month after birth, 
whereas rabbits that additionally contained an activated c-Ha- 
ras transgene developed squamous carcinomas at birth, con- 
sistent with a multistage model of carcinogenesis. 308 The viral 
oncoproteins necessary for this transformation process have 
not been identified. 40 



BIOLOGIC ASSAYS FOR HUMAN 
PAPILLOMAVIRUS ONCOPROTEINS 

Three HPV oncoproteins — E5. E6 and ET^- have been 
identified through a variety of assays. 261 - 343 * 390 ' 428 . 428 * The HPV 
JS5 prote ins are highly heterogeneous in sequence and in size 
among virus types, but each is small, hydrophobic, and known 
or predicted to b e membrane associated. T he E6 proteins are 
about 150 amino acids long, and the E7 proteins are approxi- 
mately 100 amino acids long. Both E6 and E7 are relatively 
conser ved among HPVs but do not share extensive homology 
witjr the BPV counter parts, except that dUiave rxxr! motif s 
(f our^or JK6, two for E 7) with similar spac in g and all ^ctaR . 
lis h zinc coordination complexes (see Binding of HPV E7 
Protein to pRB Proteinic 



Transformation of Rodent Cells In Vitro and 
Tumorigenicity In Vivo 

E6 and E7 Proteins 

With few exceptions, the E7 gene rather than the E6 gene of 
the high-risk mucosotrophic HPVs scores positive in a vanity 
of transformation assays. I t E7 is expressed from a strong het- 
erologous promoter such as the Moloney murine leukemia 
virus long terminal repeat (LTR), it induces morphologic trans- 
formation or anchorage-independent growth in a number of 
murine cell lines. 23 * 313 In collaboration with activated c-Ha- 
ras, LTR-driven E7 expression can transform baby rat kidney 
epithelial cells. 22 * 393 If E7 is expressed frorh the homologous 
URR, transformation of primary rodent cells in collaboration 
with an activated c-Ha-ras or with fas additionally requires 
steroid hormones, 92 * 124 * 301 which stimulate the viral pro- 
moter. 149 * 270 Constitutive expression of c-myc confers hormone 
independence to transformation of primary mouse kidney 
cells. 89 The transformed cells are tumori genie in both immuno- 
compromised and immunocompetent syngeneic mice. Further 
attesting to the importance of these viral oncoproteins, contin- 
uous expression is required for the growth of the transformed 
cells in vitro and tumorigenicity in nude mice. 91 * 300 With few 
exceptions, the low-risk HPV E6-E7 regions are largely nega- 
tive or at best inefficient in these assays, consistent with the 
small number of human cancers found to contain low-risk 
HPV types. In contrast to the mucosotropic HPVs, the E6 rather 



than the E7 gene of the EV papillomaviruses is able to trans- 
form murine cell lines. 189 * 208 



E5 Proteins 

Both the low- risk HPV-6 E5a and the high-risk HPV- 16 E5 
ge ne can eruSandTfeGF-mediated signal transduction and pro- 
mote anchorage-independent growth of murine fibroblast 
lines ( see Table The HPV- 16 E5 is able to hv- 

duce tumorigenicity in a murine keratinocyte cell line. 237 The 
E5 proteins associate efficiently w ith the EGF receptor, its 
c lose relative erbB-2. and the PP GExe ceptor. as well as with 
'IfieJfiJcILvaniolar ATBase. 86 * 87 * 18 ? TTiemechanism of action 
involves prevention of the acidification of endosomes, which 
reduces the degradation of internalized receptor and increases 
its recycling to the plasma membrane. 394 * 395 Not surprisingly, 
HPV-16 E5 collaborates with HPV-16 E7 to stimulate pro- 
liferation of primary rodent epithelial cells. 36 In HPV-16-im- 
mortalized PHK that have acquired the ability to grow in the 
absence of EGF (see Immortalization of Human Epithelial 
Cells), t he EGF recept pxisjgonst itutively activated. 464 In la- 
ryngeal papillomas, the abundance of the EGF receptor is ele- 
vated 417 HPV-16 E5 also significantly reduces cell-cell com- 
munication through the gap junctions, the significance of 
which is not yet understood. 293 



Transgenic Mice 

Mice expressing the HPV E6-E7 region under the control of 
a variety of strong cellular promoters have been established. 
Hie animals can develop a spectrum of conditions, depending 
on the promoters and the transgenes introduced. 156 High-risk 
HPV E6-E7 transgenes driven by promoters that are active in 
proliferating reserve cells tend to cause dysplasias or cancers, 
whereas those targeted to cells that are committed to differen- 
tiate are disposed to developing hyperplasias or warty lesions. 
For instance, mice expressing HPV-16 E6 and E7 from the 
keratin 14 promoter develop hyperplasias and dysplasias in 
squamous epithelium. 6 HPV-16 E6-E7 genes driven by the 
LTR promoters of mouse mammary tumor virus or Moloney 
murine leukemia virus cause cervical and vaginal dysplasias 
and carcinomas and testicular tumors. 213 * 337 * 338 In contrast, 
HPV-1 E6-E7 driven by the keratin 6 promoter induces abnor- 
mal epidermal differentiation. 409 HPV-16 or HPV- 18 E6-E7 
expressed from the differentiation-dependent keratin 10 pro- 
moter induces warty growth 9 * 153 The fact that these mice 
never develop carcinomas, even in oToTage, indicates that e x- 
pr ession of high-risk HPV oncoproteins differentiated cel ls, 
doe s^not necessari ly lead to dy splasias or carcinomas, an ob- 
servation consistent the natural history of the virus infection s 
an d with the results obtained in e pithelial raft cultures. 
"Transgenic mice~ with the HP V-76 E6^r E7 genes, or both, 
targeted to the eyes a promoter of the gene encoding the aA 
crystallin or the interstitial retinol-binding protein are most re- 
vealing of the functions of these oncoproteins and of the tar- 
geted tumor suppressor proteins, p53 and pRB. 138 * 154 * 177 * 226 * 298 
Mice with E6 and E7 transgenes develop microphthalmia and 
cataracts with 100% penetrance, a consequence of induction 
of lens cell proliferation and impaired differentiation. A frac- 
tion of adult animals with high levels of viral oncogene ex- 
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pression eventually develop eye tumors as well as epidermal 
cancers. In contrast, the HPV-16 E7 transgene alone promotes 
lens cell proliferation and apoptosis, resulting in microph- 
thalmia or photoreceptor cell death. However, in the back- 
ground of p53 -/ - mice, the E7 transgene induces tumors. The 
E6 transgene alone inhibits lens fiber cell denucleation and re- 
duces apoptosis. The S V40 large T antigen expressed from the 
aA crystallin promoter induces tumors in the eye, 252 while a 
truncated T antigen that binds only to pRB but not to p53 re- 
sults in microphthalmia. 138 Transgenic mice expressing from 
the aA crystallin promoter the mouse polyomavirus T antigen 
(which immortalizes but does not transform primary cells) 
also have impaired eye lens cell differentiation but do not de- 
velop tumors. 155 These results demonstrate the importance 
and collaboration of E6 and E7 oncoproteins and, by infer- 
ence, the targeted host tumor suppressor proteins in regulating 
cell growth, differentiation, and apoptosis, and they support 
the notion that the HPV (and perhaps S V40) oncoproteins po- 
tentiate the development of human cancers. 

Immortalization of Human Epithelial Cells 

The in vitro model system akin to HPV pathogenesis in 
viyo is the immortalization of primary human epithelial cells 
from a variety of body sites that are the normal targets for 
these viruses (i.e., foreskin, ectocervix, endocervix, the oral 
cavity, larynx, trachea, and bronchia)* and their subsequent al- 
terations in growth properties and oncogenic transforma- 
tfoQii4.26i.4tiu (gee Factors Involved in Progression). To be ef- 
fective in these assays, the . high-risk HPV E6 and E7 genes 
are J>oth required. 167 199 * 280 - 345 In contrast, using secondary 
mammary epithelial cells as targets, the HPV-16 E6 rather 
than the E7 gene has an immortalization function. 14 BPV-1 E6 
and HPV-6 E6 also score positive at a much reduced effi- 
ciency. 13 The HPV E5 gene is not active in the immortaliza- 
tion assay. 

IJsing the efficient method of recombinant retrovirus-medi- 
ated gene transfer, the HPV-16 E7 protein alone expressed 
from the retroviral promoter can immortalize PHKs, albeit at 
a reduced frequency. 160 Furthermore, the low-risk HPV-6 E6 
or E7 protein can complement the high-risk HPYA6 E7 or E6 
protein, respectively, and yield a low frequency of immortal- 
ization. 161 These results reveal that HPV-6 E6 and E7 genes do 
have a degree of immortalization ability, in agreement with 
the observation that HPV-6 and HPV-11 are occasionally 
found in human cancers. The HPV-8 E7 protein is also weakly 
positive in this complementation assay. 346 

The chromosomes of immortalized keratinocytes have re- 
stored telomere lengths, compared with the shortened telo- 
meres in precrisis cells, pie activatio n o f telomerase is con- 
sidered an important s tep in the immortalization process. 209 - 308 * 
The ceiis can still be stimulated by high <Ja++ or serum to un- 
dergo a certain degree of differentiation but are not tumori- 
genic in nude mice. Immortalized cells also exhibit altered 
sensitivities to retinoic acid in growth and differentiation, as 
do HeLa cells. 88 - 265 * 317 ^ With increasing passage in vitro or 
under selective culture conditions, the cells can develop al- 
tered properties such as growth factor independence, resis- 
tance to terminal differentiation, anchorage independence, and, 



eventually, mmorigenicity. 186 ' 305 * 318 If these cells are grafted 
underneath the skin of nude mice or grown as epithelial raft 
cultures, progressively dysplastic epithelial tissues develop!* 

Acute Morphologic Transformation in Epithelial 
Raft Cultures 

Epithelial raft cultures have been adopted to examine the 
immediate effects of HPV oncoprotein expression in primary 
human foreskin or cervical keratinocytes. The cells were 
acutely infected with retroviruses expressing the viral proteins 
under the control of the Moloney murine leukemia virus 
LTR. 30 ' 161 The HPV-16 E6 virus and HPV-16 E7 virus together 
induced highly dysplastic morphology in the stratified raft 
cultures. PCNA-positive nuclei and mitotic figures were ob- 
served throughout the epithelium. Consistent with the dys- 
plastic histology; the expression of host differentiation marker 
genes was substantially delayed. p53 was elevated in some 
of the suprabasal cells, but only if HPV-16 E6 was absent, 30 
consistent with E6 protein-triggered p53 degradation (see 
later, discussion). In contrast, analogous recombinant retro- 
viruses expressing the low-risk HPV-6 E6 and E7 proteins 
were incapable of immortalizing PHK. They did not induce 
morphologic changes in PHK raft cultures after acute infec- 
tion, nor did they induce PCNA in the suprabasal cells. 161 
Epithelial cell lines derived from cervical dysplasias or squa- 
mous carcinomas also exhibited diminished abilities to differ- 
entiate, or they formed disorganized and dysplastic morph- 
ologies in raft cultures. 99 * 321 These experiments demonstrate 
convincingly that HPV-16 oncoproteins are responsible for 
dysplasias in vivo. 

Transactivation of Adenovirus E2 Promoter 

The H PV E 7 proteins (and less so the HPV E6 proteins) ca n 
transactivate tne adenovirus fc2 promoter . This subject is dis- 
cussed in detail in the section on molecular mechanisms of 
HPV protein functions. 

FUNCTIONS OF VIRAL ONCOPROTEINS IN 
DIFFERENTIATED EPITHELIAL CELLS 

The functions of HPV E7 protein during the infection cycle 
were revealed through another set of recombinant retroviruses 
in acute infections of PHKs in raft cultures. 65 The expression 
of various combinations of the high-risk HPV- 18 E6 and E7 
genes or cDNAs was controlled by the native URR enhancer- 
promoter elements so that the differentiation states of the in- 
fected cells would dictate when, where, and how abundantly 
the viral oncoproteins were expressed and, conversely, the ex- 
perimental expression of the viral oncoproteins would not 
have undue influence on the course of epithelial differentia- 
tion. The cultures had unaltered differentiation profiles. All 
the cultu res that had an intact E7 gene induc ed PCNA in t^ e 
su prabasal differentiated cells, whereas the basal cellsj y£re 
n ot affected. 3 H-thymidine incorporation indicated that many 
of the suprabasal spinous cells were actively replicating their 



* References 124, 182, 299, 306, 319, 358, 413, 438, 444,455. 
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chromosomes. The presence o r absence of the E6 gene made 
little digferenjgj othe induction of PCNA or replication in thp _ 
di^rentiated cells-ffl. Schmidt-Griniminger, S. Cheng, T. 
^Broker^L. Chow, unpublished results). Therefore, the HPV-18 
E7 proteia a lon e is necessary and sufficient to reactivate th e 
e ntire host DNAreplication machinery in th *» differentiated 
c ells so th at the viral DN A can replicate. Extensive host chro- 
mosomal din A replication also took plac^as^byproduct (see 
Fig. 12-66"). — " 

The raft model system is entirely consistent with the induc- 
tion of host DNA replication in differentiated spinous cells in 
benign papillomas. 63 The majority of the differentiated cells 
that are actively replicating DNA do not enter mitosis. Recent 
nuclear DNA content analysis suggests that a fraction of the 
spinous cells in vitro and in vivo are polyploid (R van Diest, 
D. Schmidt-Grimminger, J. Baak, J. Walboomers, C. Meijer, 
L. Chow, T. Broker, unpublished results). An analogous retro- 
virus expressing the low-risk HPV-11 E7 gene alone from the 
homologous URR was able to induce PCNA in the suprabasal 
cells, although not as efficiently as the HPV-18 E7. The re- 
duced efficiency may be attributed to the lower affinity of the 
HPV-1 1 E7 protein for pRB (see Binding of HPV E7 Protein 
to pRB Proteins). It remains to be determined whether HPV- 
11 E7 protein alone is able to reactivate chromosomal DNA 
synthesis in the differentiated cells. Mutagenic analyses in the 
context of episomal HPV DNA are yet to be conducted. 

As discussed previously, the E2 protein can downregulate 
the URR enhancer-promoter in proliferating epithelial cells . 
Thejreojiejitly ^bserved deletio n of the E2 and El genes from 
the integrated viral DNA in HPV-associated cancers has been 
suggeste d to confer a growth advantage to the cells through 
d erepression or viral oncogene expression from th« URR and 
through increased stability ofthe E6-E7 mRNAs after acq uisi- 
tion of a host poiy^Arproxirh^nequence. Despite the absence 
of the El and E2 genes in the recombinant retroviruses, the 
URR promoter is relatively inactive in the basal cells of the 
raft cultures, as inferred from the lack of PCNA induction. 
Rather, it is upregulated only in the differentiated strata, as in 
warts that do express both El and E2 proteins. Therefore, the 
basal cells in the epithelial raft cultures have somewhat differ- 
ent properties from proliferating PHKs cultured in monolay- 
ers. It will be interesting to examine the effect on the expres- 
sion of E6 and E7 after the introduction of the homologous E2 
gene. 

Although the precise functions of the E6 protein during pro- 
ductive infection are not evident from the raft culture experi- 
ments, one speculation is that, by binding to and inactivating 
p53, E6 may reduce the fraction of cells entering into prema- 
ture apoptosis after p53 becomes elevated in response to E7- 
induced unscheduled DNA synthesis in the differentiating 
^epithelium (Y. Jian, D. Schmidt-Grimminger, T. Broker, L. 
Chow, unpublished results). This issue is discussed in the next 
section. 



MOLECULAR MECHANISMS OF HPV 
PROTEIN FUNCTIONS 

An insight into the mechanisms by which the HPV E6 and 
E7 proteins function came from the realization that each of the 
small DNA tumor viruses encodes one or two proteins that in- 
activate the same host tumor suppressor proteins (see Table 



12-2).2*8 The adenovirus E1B 55-kD protein and the papiilo- 
mavirus E6 proteins directly or indirectly interact with the p53 
protein. The adenovirus El A and papillomavirus E7 proteins 
bind to pRB and the related proteins pi 07 and pi 30. The 
SV40 and mouse polyomavirus large T antigens bind to p53 
and pRB proteins. These host proteins play critical roles in 
regulating cell proliferation, differentiation, apoptosis, and 
genome stability; their inactivation by mutations is found in a 
wide range of human cancers. These virus-host protein inter- 
actions are essential for productive viral life cycles. The sig- 
nificance of these interactions in viral carcinogenesis is un- ' 
derscored by the observation that pRB and p53 are rarely 
mutated in most HPV-containin^^rvicarca r^ in o m? c (Xf~^]| 
lines derived therefrom), whereas p53 mutations are found at 
higher frequenc ies in HPV-negative rarviral ^rr^^^^ 
cell lines .wwwi^ In both patient lesions and cell 
lines derived from cervical carcinomas, E6 and E7 genes are 
actively transcribed. Antisense RNA to the viral oncogenes 
can suppress proliferation of a cervical carcinoma cell line in 
vitro and its oncogenicity in nude mice. 423 - 426 

Binding of HPV E7 Protein to pRB Proteins 

There is a short domain containing the amino acid sequence 
LxCxE in conserved region U (CRII) of adenovirus El A pro- 
teins which is shared by the SV40 T antigen and HPV E7 pro- 
teins3i3.429 (pig. 12 -9). £a ch protein is able to transform estab- 
lished murine cells and to transactivate the adenovirus E2 
early promoter through E2F sites and, to a lesser degree, an 
activating transcription factor (ATF) site.^iuw These se- 
quence and functional similarities quickly led to the experi- 
mental demonstration that HPV E7 proteins both bind to pRB 
(pl05) during in vitro cotranslation. 428 pRB binding an4 aden- 
ovirus E2 promoter activation by the HPV E7 protein also re- 
quire this conserved motif.** 2 The viral oncoproteins also bind 
to two additional members ofthe pRB family, pi 07 and p!30, 
by means of the same domain. 97 127 Immediately adjacent to 
the LxCxE pRB binding domain are casein kinase II sites, mu- 
tations of which reduce phosphorylation but do not affect 
pRB binding. 1 *"* The arnino-terminus of the E7 protein has a 
limited sequence homology to a region of the adenovirus El A 
protein designated as conserved region I (CRI) 4 ^*.* 42 (see 
Fig. 12-9). The El A CRI contributes to promoter regulation 
and immortalization functions by interacting with pRB family 
proteins, p300, and other host transcription factors. 5 - 274 An in- 
teraction between the E7 protein and p300 has not been 
demonstrated. The zinc-binding motifs near the carboxyl- 
terminal are important for protein stability. 312 In addition, the 
C-terminal two thirds of the E7 protein binds to pRB indepen- 
dently of CRII and is essential for displacing E2F from 
pRB.i8i,30M47 These properties help explain why E7 protein 
with a C-terminal truncation is unable to reactivate host DNA 
replication in differentiated cells. 65 

Extensive mutagenic analyses of the HPV-16 E7 protein 
and domain swapping experiments have been conducted in at- 
tempt to delineate the functional domains that differentiate 
high-risk from low-risk HPVs.* The results that emerge are 
rather complex because of the different biologic and biochem- 



* References 5, 45, 98, 129, 168, 282, 302, 336, 391, 401. 
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FIG. 12-9. Functional domains and sequence homology of human papillomavirus (HPV) E7, ade- 
novirus (Ad) E1A ( and simian virus 40 (SV40) T antigen (Tag). HPV-16 and HPV-18 are high-risk mu- 
cosotrophic types. HPV-1 1 is a low-risk mucosotrophic type. HPV-8 is a oncogenic epidermodysplasia 
verruciformis (EV) virus, whereas HPV-1 is a nontransforming benign cutaneous type. Gaps (-) are 
created for alignment. Amino acid positions are given for Ad E1 A, SV40 Tag, HPV-1 8, and HPV-1 . The 
last amino acid and the total number of amino acid residues (AA) for E7 proteins are provided in 
parentheses. The number of residues between the sequenced is provided under N. The alignment 
also takes into consideration the E7 proteins of additional HPV types. Only fixed numbers of residues are 
indicated by (-) in the derived homology sequence. 



ical assays used in various laboratories, including morpho- 
logic transformation of different cell lines, growth in soft agar, 
immortalization, tumorigenesis in nude mice in collaboration 
with an activated ras gene, promoter transactivation, pRB 
binding, and release of E2F. 261 - 343 . 428 In general, the pRB bind- 
ing domain in CRII emerges as the most critical determinant. 
The affinities of E7 proteins from the high-risk HPV-16 and 
-18 for pRB and pl07 are higher than those of the low-risk 
types ^i^ieaasi w a single amino acid in the pRB binding 
domain that differs between the E7 proteins of the high-risk 
and low-risk mucosotrophic HPVs (D24 in HPV-16 versus G 
in the comparable position in HPV-11; see Fig. 12-9) corre- 
lates with the affinity to pRB. However, other E7 proteins 
with this DLxCxE motif do not necessarily exhibit a high 
affinity for pRB, nor is a high affinity for pRB sufficient to ex- 
plain the different properties of the various HPV E7 proteins. 
For example, the high-risk HPV-8 E7 protein does not appear 
to bind to pRB and does riot transform cells in vitro 189190 de- 
spite a perfect consensus. The benign plantar, wart HPV-1 E7 
protein also has this perfect binding sequence and has a rela- 
tively high affinity for pRB (see Fig. 12-9), yet it is inactive in 
baby rat kidney transformation 80 * 346 and does not cause cancer 
in patients. Despite being negative in immortalization or 
transformation assays, the low-risk mucosotrophic HPV E7 
proteins are as effective in adenovirus E2 promoter transacti- 
vation as those of the high-risk HPVs. By inference, transacti- 
vation alone is not sufficient to account for immortalization 
and transformation potentials. Clearly, the E7 protein is multi - 
functional^ jmd the correlationT"airiOng protein domains, 



amino acid residues, and the various biologic and biochemical 
assays continue to be a subject of intense research. 



Functions of pRB Proteins and E2F Proteins 

The pRB (p!05) protein was the first tumor suppressor pro- 
tein identified. The gene is deleted or mutated in many human 
cancers, most notably in familial and sporadic retinoblas- 
tomas. 2 " Conversely, the experimental overexpression of 
pRB can suppress cell proliferation. p! 07 and p!30 are two" 
pRB -related proteins. Together, they function to control the 
progression of the cell cycle in response to regulation by the 
family of cyclin-dependent kinases (CDKs) and their respec- 
tive cyclins (Fig. 12-10). At the molecular level, each member 
of the pRB family of proteins preferentially binds to members 
of the E2F family of transcription factors, which themselves 
form heterodimers with the DP-1 family of proteins. The un- 
derphosphorylated form of pRB sequesters E2F-1, E2F-2, and 
E2F-3, and these complexes act as repressors and downregu- 
late the expression of targeted host genes that contain the E2F 
binding sequence in their promoters. When pRB becomes hy- 
perphosphorylated by cyclin:CDK complexes, it dissociates 
from the E2F:DP-1 complex, and the targeted promoters are 
relieved of the negative regulation. pRB is phosphorylated 
mainly by CDK4 in association with cyclin Dl before the G,- 
S checkpoint, and it remains phosphorylated until after the M 
phase, when it is dephosphorylated (see Fig. 12-10). The re- 
pression and activation of the targeted host genes are therefore 
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cyclic. The HPV E7 and adenovirus E1A proteins and the 
SV40 T antigen bind to underphosphorylated pRB, preventing 
the association with or causing the dissociation of the 
E2F:DP-1 complex 56 (see Fig. 12-10). 

p!07 is a phosphoprotein, and the phosphorylation is also 
cell cycle-regulated. It forms complexes with E2F-4, cyclin A, 
and CDK2 in late G. and in S phase, whereas pl30 binds E2F- 
5 and is abundant in G 0 cells.*" Binding of HPV-16 E7 to pl07 
also leads to transactivauon of the adenovirus E2 promoter. 52 
The consequences of binding of the viral oncoproteins to pl30 
have not been explored. Because each of the pRB-like proteins 
binds to different E2Fs at different phases of the cell cycle, 
their natural functions are not redundant This conclusion is 
also infer red from the fact that deletions or mutations oTpT0 7 
and pl30have not been identified in cancers . 

What are the genes regulated by the E2F proteins? One or 
more E2F consensus binding sites are known or suspected to 
control the transcription of cellular genes that regulate cell 
proliferation and cell cycle progression, such as dihyrofolate 
reductase, c-myc, B-myb, and cdc2 f as well as pl07 and E2F 
themselves. 224 - 2 * 8 Introduction of E2F-1 cDNA can promote 
G fibroblasts into S phase, 215 and the endogenous host genes 
induced include ribonucleotide reductase, thymidylate syn- 
thase, and DNA polymerase-a. 100 

With the use of promoter transactivation assays, a few host 
genes have been shown to be regulated directly by the viral on- 
coproteins. 224 ^ 8 For instance, the SV40 T antigen can activate 
the murine thymidine kinase promoter, the adenovirus El A 
protein can activate N-myc and DHFR, and the HPV-16 E7 
protein can activate B-mybi cyclin A, and cyclin E genes, each 
mediated through E2F. 225 * 460 In immortalized keratinocytes, the 
expressions of the cdc2, cyclin A, and cyclin B genes are also 
elevated. 381 The E7 proteins of both low-risk and high-nsk 
HPVs also transactivate the human thymidine kinase and DNA 
polymerase-a promoters through a single E2F site (M.P. Sow- 
den, T. Broker, L. Chow, unpublished results). From the obser- 
vation that host DNA replication is reactivated in differentiated 
keratinocytes of epithelial raft cultures that express E7 alone 
from the URR 65 (see previous section), it is clear that pRB pro- 
teins targeted by the E7 protein control each of the genes en- 
coding the DNA replication machinery and enzymes for de- 
oxyribonucleoside triphosphate synthesis or salvage. At least 
one of the key replication genes— PCNA— does not contain an 
E2F site; rather, an ATF site is important for its regulation. 223 
ATF and perhaps other transcription factors must also be con- 
trolled by E7, by mechanisms yet to be elucidated. 442 It is not a 
coincidence that the adenoviruses use E2F and ATF to control 
the expression of their own replication genes. 247 Clearly, the 
adenoviruses took advantage of host transcription factor bind- 
ing proteins that orchestrate all the genes necessary for DNA 
replication. The viral oncoproteins that target the pRB proteins 
induce the DNA replication genes and drive the resting or dif- 
ferentiated ceils into S phase (see Fig. 12-10). The high-risk 
HPV E7 protein can also circumvent the G, arrest induced by 
DNA damage. 103 * 169 * 367 

Association of HPV E6 Protein With p53 

The SV40 T antigen, the adenovirus E1B 55-kD protein, 
and t he E6 protein of m an y of the H P V ^ not ypes can directly 
or indirectly bind to and inactivate the p53 protein a 4 * 255 * 343 * 437 



p53 is considered to be a ^guardian of the genome," and the 
loss or inactivation of p53 causes chromosomal instabil- 
ity ^197^43352371 p 53 i s induced after DNA damage. It is a tran- 
scription factor and in turn activates several genes, including 
p2\(cipl/wafl/sdil), mdml, and gadd45 (see Fig. 12-10). The 
mdm2 protein serves as a feedback control by binding to 
p53 and downregulating its transactivating activity. 448 The 
gadd45 protein interacts with PCNA and appears to func- 
tion in DNA repair. 370 p21cip7 is a universal CDKxyclin 
inhibitor and is present in quaternary complexes containing 
cyclin:CDK:p21:PCNA. ,66 > 450 By preventing the phosphoryla- 
tion of pRB proteins by CDKs, it arrest cells in the G, phase, 
presumably to allow DNA repair before reentry into the S 
phase (see Fig. 12-10). In addition, p21cip7 also interacts di- 
rectly with PCNA, inhibiting processive replicative DNA 
synthesis and favoring repair synthesis in cell-free sys- 
tems. 57134 - 241 

DNA damage can also trigger apoptosis. Apoptosis, or pro- 
grammed cell death, is not only a defensive mechanism 
through which cells that have suffered DNA damage are elimi- 
nated; it also maintains homeostasis, balancing cell prolifera- 
tion and cell turnover. Expression of adenovirus El A, HPV-16 
E7, or E2F-1 in growth-arrested fibroblasts triggers both DNA 
replication and apoptosis. The latter response is dependent on 
the presence of wild-type p53. The adenovirus E1B 55-kD and 
19-kD proteins and the HPV-16 E6 protein can abrogate this 
premature apoptosis 2l5 r 320 » 436 - 437 449 By analogy to the observa- 
tions in human fibroblasts, the HPV E6 protein may also block 
this p53-mediated premature apoptosis if unscheduled host 
DNA replication takes place in the differentiated epithelial 
cells in response to the HPV E7 protein (see Fig. 12-10). 

There are additional effects on inactivating p53 by HPV-16 
E6 in cycling cells. First, normal human fibroblasts express- 
ing HPV-16 E6 protein alone have reduced pUcipl transcrip- 
tion. In these cells, PCNA is no longer found in complexes 
with cyclin:CDK:p21. The net effect is a dysregulated cell cy- 
cle control and genome instability on continuous passage. 436 * 451 
Cells can also progress through the cell cycle even after they 
have suffered DNA damage.^** 203 * 412 The dysregulated cell 
cycle control would explain why human mammary epithelial 
cells immortalized by HPV-16 E6 are more sensitive to radia- 
tion damage than are normal mammary cells 452 This conse- 
quence seems at first to be contradictory to the hypothesis that 
the E6 protein blocks p53-mediated apoptosis in differentiated 
cells. However, the immortalized mammary cell death is prob- 
ably a result of replication of damaged chromosomes. Second, 
the expression of HPV E7 protein alone in differentiated kera- 
tinocytes elevates p53 protein accumulation 30 * 154 (Y. Jian, 
D. Schmidt-Grimminger, T. Broker, L. Chow, unpublished re- 
sults). Through targeting p53, E6 could reduce the p53-medi- 
ated induction of p2lcipl y which may inhibit DNA replication 
if present in high concentrations. Last, if it is experimentally 
overexpressed, p53 represses a wide range of host and viral 
promoters through its interaction with the TATA binding pro- 
teins, 357 and HPV E6 protein can abrogate this repres- 
sion.90- 231 . 267 The inactivation of p53 by HPV E6 protein there- 
fore could alleviate multiple effects detrimental to viral 
propagation. 

p2lcipl protein is elevated in senescent cells, and it is tran- 
scriptionally upregulated when normal human keratinocytes 
are induced to differentiate in vitro. 268 It may be expected that 
p2\cipl would be a target for one of the viral oncoproteins so 
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FIG. 12-10. Interplay among viral oncoproteins and host regulators of cell growth, differentiation, and 
apoptosis. The normal cell cycle (including G 0 . G v S G and M phases) is shown ^ »he leftof the 
vertical dashed line, and cellular differentiation followed by apoptosis is shown at the right. Arrows sig- 
nify induction, whereasT-bars represent inhibition. The two key host regulatory proteins are pRB and 
p53. pRB phosphorylation is regulated by upstream regulatory proteins: p1 5, p1 6. p18. anc I P20,a 
family of proteins that inhibit the: association of cyclins with cyclin-dependent ^kinases (CDKs)^, 
d21 dpi which is a universal GDK inhibitor and may also inhibit DN A replication directly by interacting 
with proliferating cell nuclear antigen (PCNA); and p27 and p57, proteins that share sequence homol- 
ogy to p21ctof and are also inhibitors of cyclin:CDK complexes/** The protein p53, induced after 
DNA damage, leads to arrest G, arrest and DNA repair before re-entry into the cell cycle Alternatively, 
cell death by apoptosis may result. On gaining entry into the epithelium after wounding, the E5 protein 
is likely to upregulate the signal transduction by mitogens present during healing, leading to expan- 
sion of infected Item cells and transit amplifying cells. After healing- the stern cells appear tojeturn to 
quiescence; there are more layers of transit amplifying cells, but the epithelium goes on to differenti- 
ate E7 is then upregulated to reactivate the host DNA replication machinery, deoxynbonuc eoside 
triphosphate synthetic or salvage genes, and other S-phase genes; both host and viral DNA then 
replicate in the differentiated cells. In response, P 53 and p21 c/p 1 are induced as a host defense 
mechanism. One of the probable functions of HPV E6 is the inactivaton of p53, abrogat ing l eonse- 
quences detrimental to virus propagation. If the viral oncoproteins E6 and E7 are inappropnately ex- 
pressed in stem cells, these cells would undergo extensive cycling, resulting in mutations in host reg- 
ulatory genes and genome instability. In vitro, cells can become immortalized and, in synergy with 
activated protooncogenes, mutagens, or the loss of other growth regulatdry.genes, become trans- 
formed In patients, these consequences are manifested as high-grade lesions and carcinomas. HPV 
E7 human papillomavirus E7; Ad E1 A. adenovirus E1 A. and SV40 T, simian virus 40 T antigen. 



that DNA replication capability can be restored in the differ- 
entiated cells. However, recent experiments have demon- 
strated that neither p53 nor pHcipl protein can be detected 
readily in suprabasal cells in neonatal foreskin or in unin- 
fected epithelial raft cultures, although both are upregulated in 
raft cultures infected by HPV- 18 URR E7-expressing retro- 
viruses. p2icipl induction is also observed in >he spinous 
strata of benign warts and in low-grade cervical intraepithelial 
neoplasias containing either low-risk or high-risk HPVs, vali- 
dating the in vitro results (Y. Jian, D. Schmidt-Grimminger, X. 



Wu, T. Broker, L. Chow, unpublished results). One possible 
explanation for these observations is that, despite the inter- 
vention of E6, a fraction of the host cells still manage to 
mount a defense by way of p21cip/ protein induction against 
unscheduled host DNA replication in the spinous cells in re- 
sponse to the HPV E7 protein. This host-virus interplay (see 
Fig. 12-10) would explain the heterogeneity in the ability of 
infected cells to support high levels of viral DNA replication 
and gene expression as well as host DNA replication in vitro 
and in vivo 65 "*- 389 (see Fig. 12-6). 
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H PV E6 protein targets more than just the p53 protein . A 
dominant negative mutant of p53 can collaborate with HPV- 
16 E7 protein to immortalize PHK, although it does not have 
the transformation activity of wild-type HPV-16 E6. 351 The re- 
duction in the concentration of wild-type p53 protein alone by 
antisense RNA does not result in growth stimulation. 192 Fur- 
thermore HPV-5, HPV-8, BPV-1, and CRPV E6 proteins do 
not inactivate the transactivation activity of p53. 2xn Several 
additional host proteins that interact with the HPV-16 E6 
protein have been identified, 201 but, with the exception of the 
55-kD E6-BP 58 and E6-AP (see below), their identity is not 
known and the mechanism of action remains to be elucidated. 
Finally, HPV-16 and HPV - 18 E6 p roteins exhibit weak tran - 
scri ption transactivation in transient transfection assays. the_ 
si gnificance of which is not yet understood. 109 147 - 350 

Mechanisms of p53 Inactivation 

The high-risk HPV-16 E6 proteins incapacitate p53 by at 
least two mechanisms. First, they j >ind to p53 by association 
w ith a cellular 100-kD protein, E6-AP. Together, they ^ancjion 
as a ubiquitin ligas e for p53, res ulting in ubiquitin-mediat ed 
p5 3 degradation and a greatly reduceThalflif e. 340 The ability 
of HPV-16 E6 mutations to target p53 for degradation corre- 
lates with their ability to overcome the DNA damage-induced 
growth arrest 135 Second, inactivation of p53 does not neces- 
sarily depend on its degradation. 407 This point is amply demon- 
strated by the increased stability of p53 on binding to the ade- 
novirus E1B 55-kD protein or the SV40 T antigen. The E1B 
55-kD protein interferes with the transcriptional transactiva- 
tion domain of p53 458 whereas SV40 T antigen displaces p53 
from its cognate DNA binding sequence. 18 The HPV E6 pro- 
t ein can also prevent p53 from sequence-specific binding t o 

DNA £ ?°316.407 

The association of the low-risk HPV E6 proteins with p53 
and their ability to interfere with p53 transactivation are both 
reduced in comparison with the high-risk HPV E6 proteins, 
and p53 degradation in vitro is not observed. 93 * 230 ' 434 However, 
a fusion E7-E6 protein caused the degradation of the interact- 
ing pRB in vitro regardless of whether the fusion protein con- 
tained an HPV-16 or an HPV-6 E6 moiety. These observations 
imply that some interaction does exist in vivo. 342 The halflife 
of p53 is reduced in BPV-1- or HPV-6 E6-immortalized 
mammary epithelial cells. 14 It is evident that there are differ- 
ences among the E6 proteins, as revealed by their differential 
abilities to immortalize PHKs in collaboration with the high- 
risk El protein and to induce genome instability in human fi- 
broblasts. However, regardless of whether p53 is destabilized 
by the E6 proteins or whether E6 also acts through p53-inde- 
pendent mechanisms, each E6 protein must necessarily ac- 
complish the same tasks, because all papillomaviruses need to 
modulate the cellular environment conducive to reproduction 
in differentiating squamous epithelial tissues. 

FACTORS INVOLVED IN PROGRESSION 

Epidemiologic studies suggest that multiple sexual partners 
and infection by high-risk HPVs are the most important risk 
factors for development of cervical carcinomas. In addition, 



carcinogens such as tobacco metabolites and betel quid and 
UV or radiation damage appear to play roles in the develop- 
ment of HPV-associated cervical and oral carcinomas. 12 * 55 * 198 
Because the level of viral oncogene express i on does n ot 
c hange significantly across the boundary between carcinoma 
in situ and invasive cancer, progression has been attributed to 
th( L accumul ation of host cell chromosomal mutations, in 
agr eement witn a multistage models of oncogenesi s 421 (see 
Fig. 12-10). As discussed in the section on host immune re- 
sponses, immunologic factors may also influence the outcome 
of infection. 

Somatic cell hybrids have been instrumental in demonstrat- 
ing alterations in host genes in the process of carcinogenesis. 
HeLa cells, which contain and express integrated HPV- 18 E6 
and E7 genes, are tumorigenic in nude mice, whereas somatic 
hybrids established with normal skin fibroblasts or keratino- 
cytes are not, indicating that one or more key negative growth 
regulatory genes are mis sin g in HeLa cells. Thr ough selective 
chromosome transfer, the responsible genes have been assigned 
to chromosome ll. 4 The reemergence of tumorigenic segre- 
gants correlated with the loss of chromosome 11. 263 In the 
nontumorigenic hybrid cells, the viral E6 and E7 oncogenes 
were downregulated, whereas in the tumorigenic segregant, 
viral oncogene expression once again became elevated, 35 in- 
dicative of changes of the cellular environment and, conse- 
quently, in the viral promoter activity. This cell hybrid ap- 
proach has also been used to demonstrate that host genes can 
be classified into several complementation groups, the expres- 
sions of which are altered during immortalization of PHK and 
the subsequent progression in vitro. 64 * 272 * 309 ' 349 Revertants 
have been isolated after introduction of cDNAs from rat em- 
bryo fibroblasts into HPV-18-transformed rat cell lines* and 
the loss of the cDNA is accompanied by the ^acquisition of 
the transformed phenotype. 284 The identities of the cDNAs 
have riot been reported. 

The notion that gene products from human chromosome 11 
can downregulate HPV expression also arises from a differ- 
ent set of experiments in human fibroblasts that have a dele- 
tion in the short arm of chromosome 11 (del- 11) at a locus 
overlapping the Wilms* tumor suppressor gene. 404 HPV-16 
can induce anchorage-independent growth in del- 11 cells but 
not in normal diploid human fibroblasts. 373 Similarly, the del- 
11 cells, but not normal human fibroblasts, can be morpho- 
logically transformed by the human polyomavirus BKV. 107 
Normal diploid fibroblasts can be transformed by SV40/but 
only if both the large T antigen and the small t antigen are 
present. 108 The SV40 small t antigen or the. 55-kD regula- 
tory subunit (PR55) of protein phosphatase-2A can com- 
plement HPV-16 in transforming normal diploid fibroblasts. 
The facts that both proteins negatively regulate protein phos- 
phatase^ and that PR55 is highly expressed in del-11 
fibroblasts suggest that protein phosphatase-2A is the target of 
the tumor suppressor gene located on the chromosome 11. In- 
terestingly, the HPV-16 URR is activated in del-11 cells or by 
introduction of PR55 cDNA expression vector into diploid fi- 
broblasts. 374 ^ 75 

Additional approaches to establishing the identity of the 
host gene mutations associated with neoplastic progression 
include the investigation of the status of endogenous tumor 
suppressor genes, the identification of chromosomal abnor- 
malities, the effects of introducing individual known tumor 
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suppressor genes or oncogene expression vectors, and local- 
ization of the host chromosomal sites at which the papillo- 
maviral DNA has integrated. pRB and p53 are usually intact 
in HPV-containing cervical carcinomas or cell lines derived 
therefrom, because the viruses already have a-means to inacti- 
vate those proteins. The incidence of p53 mutations is rela- 
tively low in HPV-negative cervical canrcrs^tjmjtation^ 
tends to be detected i n more aHvfln™>H pqppc pr^p^H 
to be a factor in metastasis. ^3.27 1 integration sites in 
the host chromosomes generally appear to be random and sta- 
ble, although integration near c-mvc, N-myc, or known fra- 
gile sites has been reported in some cancers or cell lines de- 
rived therefrom. c-Ha-ras and c-myc genes are activated or 
amplified in some cases. 1 "- 261 .«« Conversely, the introduc- 
tion of Ha-ras or v-fos genes can transform the immortal- 
ized human epithelial cells to become tumorigenic in nude 
mice. >^i24jo7' Nonrandom chromosomal abnormalities and 
loss of heterozygosity in several loci on chromosomes 3p, 4q, 
5p, 6p, lOp, l lq, and 18q have been noted in cervical carcinc^ 
mas and in HPV-mimortalized cell lines. 164 ^ I2 ^^«377380380i 

Extensive passage of H^V-immortalized PHKs or culturing 
under selective conditions can result in cells with altered 
growth properties. Treatment with carcinogens or irradiation 
can speed up the process. 1 "."^ The DCC (deleted in colon 
cancer) gene was altered in an HPV-18-4mmortalized cell line 
transformed by mutagenesis, whereas the introduction of 
wild-type DCC cDNA could suppress the malignant pheno- 
type. 2l ° In such models, the viral sequences are stably main- 
tained and expressed during progression. To date, the key 
negative regulatory genes in th^ multistage carcinogenesis 
pathway remain subjects of intensive investigation. 

In addition to host gene alterations, the possibility that 
other human pathogens can function : as cocarcinogens has 
been examined. Before HPV was recognized to play the cen- 
tral role in cervical neoplasia, herpes simplex viruses (HSV) 
were regarded as the etiologic agent The introduction of a 
particular HSV DNA fragment can transform HPV-immortal- 
ized PHKs. 115 Human herpesvirus 6 was shown to activate 
ipV-16 gene expression in immortalized cells, and connec- 
tions have been demonstrated in vivo. 61 These and other coin- 
habiting microbes may also contribute to the activation of 
HPV gene expression by causing localized immunosuppres- 
sion or wounding-and-healing cycles. 

SUMMARY 

Great similarities in reproductive strategies and pathogenic 
mechanisms have emerged from intensive research on the 
small DNA tumor viruses: the adenoviruses, SV40, poly- 
omavirus, and papillomaviruses. Generally, infections by 
these viruses in their native host species are nondisruptive, 
self-limiting, or even asymptomatic. Only in noripermissive 
host species or under rare circumstances do these viruses ex- 
hibit their oncogenic properties. Each virus encodes one or 
more proteins that target the same host tumor suppressor pro- 
teins, p53 and pRB and its related proteins. These host pro- 
teins have been independently identified to be central regula- 
tors of cell proliferation, apoptosis, and chroniosome stability, 
and their mutations or deletions are found in a large fraction 
of human cancers. 



Of these viruses, the vims-host interactions are best under 
stood for HPV, both in the native human host and in experi- 
mental laboratory systems. The viruses vegetatively replicate 
only in cells undergoing terminal differentiation. The pur- 
poses of the viral oncoproteins are to reactivate the host DNA 
replication machinery in these differentiated cells in order to 
facilitate viral DNA replication and perhaps also to abrogate 
premature apoptosis that arises as a host defense mechanism 
against unscheduled DNA replication (see Fig. 12-10, right 
side). From these host- viral protein interactions, it can be in- 
ferred that, if the viral oncogenes were accidentally upregu- 
lated in stem cells that are normally quiescent, the cells would 
enter into the cell cycle more frequently than intended. The 
more frequent DNA replication, coupled with impaired host 
surveillance caused by reduced p53 protein, could eventually 
result in accumulation of mutations in additional key host reg- 
ulatory genes and selected progression toward carcinomas 
(see Fig. 12-10, left side). These processes can be exacerbated 
further by deficiencies in patient immune systems and by a 
variety of environmental risk factors. These mechanisms also 
explain the ability of the oncoproteins of the other DNA tumor 
viruses to transform cells in vitro and to cause tumors in new- 
born hamsters, On the grounds that there is no need to activate 
host DNA replication enzymes in cycling cells to support viral 
replication, it is probable that these viruses are also relatively 
quiescent in the undifferentiated stem or reserve cells and en- 
ter into the productive phase of infection in differentiated 
cells in their respective native host animals. 

It remains to be investigated how the differences in the in- 
teractions between the high-risk and low^risk HPV oncopro- 
teins and host target proteins are manifested as distinct bio- 
logic properties in vivo and in vitro. Unquestionably, the 
search for natural and synthetic compounds that can modulate 
viral replication and gene expression, host proliferative re- 
sponses, differentiation, apoptosis, neoplastic changes, and 
immune surveillance will command increasing attention in 
the coming years as part of the search for effective prophylac- 
tic and therapeutic modulators of diseases associated with 
HPVs and the other small DNA viruses. 



ABBREVIATIONS 

AIDS: acquired immunodeficiency syndrome 

ATF: activating transcription factor 

BKV: a human polyomavirus 

BPV, BPV-1, BPV-4: bovine papillomaviruses 

CDK, CDK2, CDK4: cyclin-dependerit kinases 

CRI, CRII: conserved regions I and II (of adenovirus El A 

proteins, also found in T antigen and E7) 
CRPV: cottontail rabbit papillomavirus 
E: early (region, protein) 

E#, L# = the basic designations of the early and late regions, 
genes, or proteins of the DNA tumor viruses. As with all the 
viruses, the early proteins in one form or another persist at 
late times, usually in elevated amounts relative to their in- 
tracellular concentrations at early times. The delayed early 
or intermediate proteins and the late proteins can also be 
seen as differentiation-dependent proteins in vivo. 

EGF: epidermal growth factor 

EV: epidermodysplasia verruciformis 
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HIV: human immunodeficiency virus 

HLA: human leukocyte antigen (e.g., HLA-DQw3) 

HPV, HPV-1, HPV-2, etc.: human papillomavirus types 

HSV: herpes simplex virus 

JCV: a human polyomavirus 

L: late (region, protein) 

LTR: long terminal repeat 

ORF: open reading frame 

Pap: Papanicolaou (smear) 

PCN A: proliferating cell nuclear antigen 

PCR: polymerase chain reaction 

PDGF: platelet-derived growth factor 

PHKs: primary human keratinocytes 

PR55: the 55-kD regulatory subunit of protein phosphatase- 
2A 

pRB: retinoblastoma susceptibility protein 
SOD: severe combined immunodeficient (mice) 
SIL: squamous intraepithelial lesions 
SV40: simian virus 40 

TPA: 12-0-tetradecanoylphorbol-13-acetate 
URR: upstream regulatory region 
VLP: virus-like particles 
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